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Abstract 
 
 
The Evolution of the Viral RNA Sensor OAS1  
in Old World Monkeys and Cetartiodactyls 
 
 
author: Ian Fish 
advisor: Dr. Stéphane Boissinot 
 
 
Animals produce an array of sensors patrolling the intracellular environment 
poised to detect and respond to viral infection. The oligoadenylate synthetase 
family of enzymes comprises a crucial part of this innate immune response, 
directly signaling endonuclease activity responsible for inhibiting viral replication. 
Oligoadenylate synthetase 1 plays a vital role in animal susceptibility to 
pathogens including flaviviruses such as dengue, West Nile, and hepatitis c virus.  
This thesis includes a population level analysis of OAS1 diversity within macaque 
and baboon species followed by a broader survey of the gene in nineteen Old 
World monkeys. My research found that at the species level, macaques exhibit 
extremely high diversity with intriguing similarities to that previously found in 
chimpanzees. Across Old World monkeys, I identified commonly shared patterns 
of positive selection. Detailed structural analysis of OAS1 variation indicates sites 
of accelerated evolution at the host-virus interface and at sites of possible viral 
antagonism, both signifying a history of virus-driven evolution. Finally, I have 
analyzed the cetartiodactyl OAS1 gene family which includes two, and in some 
lineages, three copies of OAS1. This analysis identifies some of the same 
regions under evolutionary pressure as found in primates and also highlights 
others suggesting neofunctionalization of paralogous genes. 
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INTRODUCTION 
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Innumerable pathogens elicit disease throughout a human’s lifetime. But more 
importantly, they have always done so. The intense evolutionary pressure 
exerted by infectious agents has played a significant role in human evolution and 
has left its mark on our genome - in particular, on the genes of the immune 
system. Upon cellular infection by a virus, defensive elements of the innate 
immune system are responsible for physical recognition of viral components. 
Viruses rapidly evolve, adapting to evade these host defenses while the host 
genes likewise adapt. The region of the host protein responsible for binding the 
viral product will often show evidence of faster adaptation than other regions or 
other parts of the genome (i.e. positive selective pressure) (Quintana-Murci et al. 
2007; Daugherty and Malik 2012). For this reason, evolutionary analysis can 
reveal much about protein function and host genetic factors responsible for 
disease susceptibility. 
 
Structure and function of the OAS gene family 
The oligoadenylate synthetase (OAS) family of genes is an ancient family of 
antiviral enzymes with fully active forms identified in animals as basal as sea 
sponges (Päri et al. 2013). OAS proteins are systemically upregulated by 
interferon quickly after pathogen infection. Within the cell, viral double-stranded 
RNA (dsRNA) is recognized and bound by the OAS RNA-binding domain (RBD), 
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leading to conformational change and activation of the enzyme (Hartmann et al. 
2003). Oligomers of ATP featuring unique 2’-5’-phosphodiester bonds (2-5A) are 
synthesized. These are required by endoribonuclease L (RNase L) to 
homodimerize and become active, after which it indiscriminately decays viral and 
cellular RNA, inhibiting viral reproduction (Han et al. 2014).    
 
Predating the radiation of mammals, the precursor OAS gene evolved through a 
series of duplication events and domain pairings into OAS1, OAS2, OAS3, OAS 
Like 1 (OASL1; OASL in primates), and OAS Like 2 (OASL2) (Kumar et al. 
2000). OAS1, OASL1 and OASL2 each contain a single OAS domain, while 
OAS2 contains two consecutive OAS domains and OAS3, three. OAS3 was lost 
in the ancestor to the cetartiodactyls (i.e. even-toed ungulates such as camels, 
pigs, dolphins and cattle) (Perelygin et al 2006). OASL2 has pseudogenized in 
primates and many other lineages (Kristiansen et al. 2011). There have been 
more recent expansions as well including an OAS1 duplication in the ancestor of 
cetartiodactyls, followed by a subsequent duplication in the bovidae lineage 
(Perelygin et al. 2006). In the rodent lineage leading to mouse and rat, a 
remarkable expansion event has lead to eight expressed copies of OAS1, but 
only two of which are enzymatically active (Eskildsen et al. 2002, Kristiansen et 
al. 2010).  
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The evolutionary path leading to contemporary OAS genes indicates an implicit 
fitness of OAS viral sensors having distinct functions. Some of the characteristics 
that are known to differ between family members are the ideal length of activating 
RNA, product size range and subcellular localization. For example, human OAS1 
is optimally activated by short (<20 bp) dsRNA, OAS2 prefers slightly larger (≤25 
bp) while OAS3 is far more sensitive to longer (<100 bp) dsRNA (Sarkar et al. 
1999, Donovan et al. 2015). Adenylate product size ranges also vary among the 
enzymes, with OAS1 reported to synthesize 2-5A(2-3), OAS2 making 2-5A(2-20+), 
and OAS3 producing 2-5A(2-11) (Rebouillat et al. 1999; Sarkar et al. 1999; Morin 
et al. 2010; Ibsen et al. 2014). This might raise questions such as ‘why would 
some lineages lose OAS3 and some gain OAS1 copies and what more does this 
tell us about their function?’ 
 
It has been shown or is otherwise presumed that all enzymatically active OAS 
genes take part in the canonical RNase L-mediated antiviral pathway, but other 
functions have also been demonstrated for OAS genes. OASL is enzymatically 
inactive but has fused two ubiquitin-like units at its C-terminus (Rebouillat et al. 
1998; Hartmann et al. 2001). Very recently, OASL was confirmed to interact with 
retinoic acid-inducible gene-I (RIG-I), another viral dsRNA sensor, thereby 
significantly enhancing downstream antiviral signaling and resistance (Zhu et al. 
2014). Another example of a noncanonical mechanism that arose great interest 
in OAS genes came about when it was first discovered that mouse variation at 
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Oas1b conferred resistance to flaviviruses (Perelygin et al. 2002). The 
mechanism, though still not fully understood, is known to be RNase L-
independent and involve a unique C-terminal transmembrane domain that 
localizes it to the endoplasmic reticulum as part of an antiviral complex (Courtney 
et al. 2012). Regarding the other inactive murine Oas1 genes, research shows 
that their promoter regions have evolved resulting in different expression patterns 
and that they have maintained significant open reading frames, suggesting novel 
functionality, though this has yet to be demonstrated (Mashimo et al. 2003; 
Rogozin et al. 2003). 
  
Enzyme structure and synthesis 
OAS1 is composed of an N-lobe and a C-lobe, coupled together forming a 
globular protein (fig. 2). The active site lies between these lobes, situated in a 
deep pocket (figs. 2A/2B). The N-lobe half of the pocket is predominantly a β-
sheet, on which an aspartate trio coordinates two magnesium cations; these in 
turn coordinate the phosphate moieties of donor ATP (Hartmann et al. 2003). 
The opposite face of the enzyme features the large electropositive groove 
responsible for docking dsRNA, spanning two minor grooves of the A-form helix 
(figs. 2C/2D) (Kodym et al. 2009; Donovan et al. 2013).  
 
Activation requires proper dsRNA binding and subsequent restructuring of the 
active site before synthesis is possible (Donovan et al. 2012; Lohofener et al. 
2015). Donor ATP must be properly oriented, with its triphosphate group metal-
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bound. Lastly, the acceptor substrate, either ATP or an oligoadenylate, is set into 
its attack position. Nucleotidyl transfer entails the acceptor’s 2’-oxygen 
nucleophilically attacking the α-phosphate of the donor (Lohofener et al. 2015). 
 
The RBD of OAS enzymes is unrelated to that of other dsRNA-binding proteins 
(Holm and Rosenstrom 2010). RNA-binding experiments have identified the 
consensus sequence N-A/U-A/U-(N)9-A/U-G-N, with a minimum length of 17 
base pairs to bind and activate human OAS1 (Hartmann et al. 1998; Kodym et al. 
2009). Recent assays have identified highly conserved RNA structures in both 
West Nile virus and adenovirus capable of modulating OAS1 activity (Meng et al. 
2012; Deo et al. 2014). These experiments have shown, importantly, that 
sufficiently activating helical dsRNA can be a tertiary structure component of 
single stranded RNA, a far more common viral product. For this reason, OAS 
research aimed at associating particular viruses with OAS response has not 
focused on viruses with dsRNA genomes, but also those with ssRNA genomes. 
Furthermore, there are many examples of pathogenic DNA viruses and 
retroviruses which encode transcripts with conserved noncoding elements that 
form potential OAS activators (ex. HIV TAR). 
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OAS1 and human immunity 
The influential role that OAS proteins have on animal susceptibility to viral 
infection has been well demonstrated for Dengue virus, Japanese encephalitis 
virus, and other members of the Flaviviridae family (Zheng et al. 2015; Lim et al. 
2009; Alagaresu et al. 2013). Viruses in other groups such as enteroviruses (ex. 
Coxsackievirus), human respiratory syncytial virus and chikungunya virus, which 
can cause serious human disease, have clinical outcomes associated with 
human variation at OAS1 (Behera et al. 2002; Cai et al. 2014; Chaaithanya et al. 
2015). In human populations, single nucleotide polymorphism (SNP) resulting in 
splice site variation is associated with differential OAS1 activity and disease 
severity of severe acute respiratory syndrome (SARS), hepatitis C and West Nile 
(Noguchi et al. 2013; Lim et al. 2009; Hamano et al. 2005; Bonnevie-Nielson et 
al. 2005; Knapp et al. 2003).  
 
OAS1 evolution in mammals 
OAS1 genes in chimpanzee and house mouse exhibit an elevated degree of 
natural variation, in both cases suggesting an evolutionary history of long term 
balancing selection (Ferguson et al. 2008, 2012). This means that over millions 
of years, multiple divergent alleles have been maintained in the population. 
Recent analyses of OAS genes across Primates and Chiroptera have identified 
hallmarks of positive selection, the strongest signs being in OAS1 (Mozzi et al. 
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2015; Hancks et al. 2015). Studies of the OAS locus have found strong evidence 
of introgression of both Neanderthal and Denisovan chromosomal segments into 
modern human populations (Mendez et al. 2012, 2013), although it is unclear if 
this introgression is adaptive or strictly neutral. 
 
Organization of the thesis 
There has been tremendous change, evolutionarily speaking, in OAS genes and 
OAS1 in particular. This is unsurprising, as infectious diseases are well known to 
have devastated populations, making it one of the most potent drivers of 
evolution (Cagliani and Sironi 2013). Branches of the primate tree, other than 
being covered in monkeys, are spotted with clues that can help us understand 
the fundamental connections between the viruses we have encountered and the 
defensive genes we have grown to rely on (Izzard 1998). Additionally, studying 
genes homologous to human genes in baboons, macaques and other primates 
commonly used in biomedical and infectious disease research can be particularly 
insightful. 
 
The first research I have undertaken is a population genetics approach to 
understanding the natural variation of OAS1 within sample populations of 
primates. The nature of the diversity present in contemporary populations can be 
measured using modern computational tools, which can inform us about how the 
gene changed over time but also about the selective pressure acting on specific 
regions of the protein. 
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The second work was an expansion of the first, wherein I sequenced 19 Old 
World monkey species in order to study higher-order evolutionary trends in 
OAS1. This method uses coding sequence based modeling to reveal the most 
likely mutational pathways that each species’ enzyme has gone through.  
 
The final chapter involves a lateral backstep up the tree of life to the whole of the 
Cetartiodactyl order. Pigs, camels, goats, whales and cattle are all represented 
here; their immeasurable value to human civilization and their roles in zoonotic 
disease make studying their immune genes important. Analysis of OAS1 
evolution within and between highly divergent taxa brings large-scale 
evolutionary events into the picture such as gene loss, duplication (and 
reduplication) and conversion. 
 
Through each chapter, I analyze OAS1 evolution with a primary focus on 
structure and function. Based on solved OAS1 crystal structures of human and 
pig OAS1, I use in silico protein comparative modeling and other analytical tools 
in order to assess the functional effects caused by observed differences. 
	   12	  
 
Bibliography 
 
Alagarasu K, Honap T, Damle IM, Mulay AP, Shah PS, Cecilia D (2013) 
Polymorphisms in the oligoadenylate synthetase gene cluster and its 
association with clinical outcomes of dengue virus infection. Infect Genet 
Evol 14:390-5 
Behera AK, Kumar M, Lockey RF, Mohapatra SS (2002) 2'-5' Oligoadenylate 
synthetase plays a critical role in interferon-gamma inhibition of respiratory 
syncytial virus infection of human epithelial cells. J Biol Chem 277:25601-
8 
Bonnevie-Nielsen V, Field LL, Lu S, Zheng DJ, Li M, Martensen PM, Nielsen TB, 
Beck-Nielsen H, Lau YL, Pociot F (2005) Variation in antiviral 2',5'-
oligoadenylate synthetase (2'5'AS) enzyme activity is controlled by a 
single-nucleotide polymorphism at a splice-acceptor site in the OAS1 
gene. Am J Hum Genet 76:623-33 
Cagliani R, Sironi M (2013) Pathogen-driven selection in the human genome. Int 
J Evol Biol 2013:204240 
Cai Y, Chen Q, Zhou W, Chu C, Ji W, Ding Y, Xu J, Ji Z, You H, Wang J (2014) 
Association analysis of polymorphisms in OAS1 with susceptibility and 
severity of hand, foot and mouth disease. Int J Immunogenet 41:384-92 
Daugherty MD, Malik HS (2012) Rules of engagement: molecular insights from 
host-virus arms races. Annu Rev Genet 46:677-700 
	   13	  
Chaaithanya, I. K., Muruganandam, N., Surya, P., Anwesh, M., Alagarasu, K., & 
Vijayachari, P. (2015). Association of Oligoadenylate Synthetase Gene 
Cluster and DC-SIGN (CD209) Gene Polymorphisms with Clinical 
Symptoms in Chikungunya Virus Infection. DNA and Cell Biology. 
doi:10.1089/dna.2015.2819 
Deo S, Patel TR, Dzananovic E, Booy EP, Zeid K, McEleney K, Harding SE, 
McKenna SA (2014) Activation of 2' 5'-oligoadenylate synthetase by stem 
loops at the 5'-end of the West Nile virus genome. PLoS One 9:e92545 
Donovan J, Dufner M, Korennykh A (2013) Structural basis for cytosolic double-
stranded RNA surveillance by human oligoadenylate synthetase 1. Proc 
Natl Acad Sci U S A 110:1652-7 
Donovan J, Whitney G, Rath S, Korennykh A (2015) Structural mechanism of 
sensing long dsRNA via a noncatalytic domain in human oligoadenylate 
synthetase 3. Proc Natl Acad Sci U S A 112:3949-54 
Eskildsen, S., Hartmann, R., Kjeldgaard, N. O., & Justesen, J. (2002). Gene 
structure of the murine 2’-5’-oligoadenylate synthetase family. Cellular and 
Molecular Life Sciences, 59(7), 1212–1222. 
Ferguson W, Dvora S, Gallo J, Orth A, Boissinot S (2008) Long-term balancing 
selection at the west nile virus resistance gene, Oas1b, maintains 
transspecific polymorphisms in the house mouse. Mol Biol Evol 25:1609-
18 
	   14	  
Ferguson W, Dvora S, Fikes RW, Stone AC, Boissinot S (2012) Long-term 
balancing selection at the antiviral gene OAS1 in Central African 
chimpanzees. Mol Biol Evol 29:1093-103 
Han, Y., Donovan, J., Rath, S., Whitney, G., Chitrakar, A., & Korennykh, A. 
(2014). Structure of human RNase L reveals the basis for regulated RNA 
decay in the IFN response. Science (New York, N.Y.), 343(February), 1244–
8. doi:10.1126/science.1249845 
Hancks DC, Hartley MK, Hagan C, Clark NL, Elde NC (2015) Overlapping 
Patterns of Rapid Evolution in the Nucleic Acid Sensors cGAS and OAS1 
Suggest a Common Mechanism of Pathogen Antagonism and Escape. 
PLoS Genet 11:e1005203 
Hartmann R, Justesen J, Sarkar SN, Sen GC, Yee VC (2003) Crystal structure of 
the 2'-specific and double-stranded RNA-activated interferon-induced 
antiviral protein 2'-5'-oligoadenylate synthetase. Mol Cell 12:1173-85 
Hartmann R, Norby PL, Martensen PM, Jorgensen P, James MC, Jacobsen C, 
Moestrup SK, Clemens MJ, Justesen J (1998) Activation of 2'-5' 
oligoadenylate synthetase by single-stranded and double-stranded RNA 
aptamers. J Biol Chem 273:3236-46 
Ibsen MS, Gad HH, Thavachelvam K, Boesen T, Despres P, Hartmann R (2014) 
The 2'-5'-oligoadenylate synthetase 3 enzyme potently synthesizes the 2'-
5'-oligoadenylates required for RNase L activation. J Virol 88:14222-31 
Izzard E (1998). Eddie Izzard: Dress to Kill. Dir. Jordan L.   
	   15	  
Knapp, S., Yee, L. J., Frodsham, A. J., Hennig, B. J. W., Hellier, S., Zhang, L., … 
Thursz, M. R. (2003). Polymorphisms in interferon-induced genes and the 
outcome of hepatitis C virus infection: roles of MxA, OAS-1 and PKR. Genes 
and Immunity, 4(6), 411–419. doi:10.1038/sj.gene.6363984 
Kodym R, Kodym E, Story MD (2009) 2'-5'-Oligoadenylate synthetase is 
activated by a specific RNA sequence motif. Biochem Biophys Res 
Commun 388:317-22 
Kristiansen, H., Scherer, C. a, McVean, M., Iadonato, S. P., Vends, S., 
Thavachelvam, K., … Hartmann, R. (2010). Extracellular 2’-5' oligoadenylate 
synthetase stimulates RNase L-independent antiviral activity: a novel 
mechanism of virus-induced innate immunity. Journal of Virology, 84(22), 
11898–11904. doi:10.1128/JVI.01003-10 
Kristiansen, H., Gad, H. H., Eskildsen-Larsen, S., Despres, P., & Hartmann, R. 
(2011). The oligoadenylate synthetase family: an ancient protein family with 
multiple antiviral activities. Journal of Interferon & Cytokine Research  : The 
Official Journal of the International Society for Interferon and Cytokine 
Research, 31(1), 41–47. doi:10.1089/jir.2010.0107 
Lim JK, Lisco A, McDermott DH, Huynh L, Ward JM, Johnson B, Johnson H, 
Pape J, Foster GA, Krysztof D, Follmann D, Stramer SL, Margolis LB, 
Murphy PM (2009) Genetic variation in OAS1 is a risk factor for initial 
infection with West Nile virus in man. PLoS Pathog 5:e1000321 
Lohofener J, Steinke N, Kay-Fedorov P, Baruch P, Nikulin A, Tishchenko S, 
Manstein DJ, Fedorov R (2015) The Activation Mechanism of 2'-5'-
	   16	  
Oligoadenylate Synthetase Gives New Insights Into OAS/cGAS Triggers 
of Innate Immunity. Structure 23:851-62 
Mashimo T, Lucas M, Simon-Chazottes D, Frenkiel MP, Montagutelli X, Ceccaldi 
PE, Deubel V, Guenet JL, Despres P (2002) A nonsense mutation in the 
gene encoding 2'-5'-oligoadenylate synthetase/L1 isoform is associated 
with West Nile virus susceptibility in laboratory mice. Proc Natl Acad Sci U 
S A 99:11311-6 
Mendez FL, Watkins JC, Hammer MF (2012) Global genetic variation at OAS1 
provides evidence of archaic admixture in Melanesian populations. Mol 
Biol Evol 29:1513-20 
Mendez FL, Watkins JC, Hammer MF (2013) Neandertal origin of genetic 
variation at the cluster of OAS immunity genes. Mol Biol Evol 30:798-801 
Meng H, Deo S, Xiong S, Dzananovic E, Donald LJ, van Dijk CW, McKenna SA 
(2012) Regulation of the interferon-inducible 2'-5'-oligoadenylate 
synthetases by adenovirus VA(I) RNA. J Mol Biol 422:635-49 
Morin B, Rabah N, Boretto-Soler J, Tolou H, Alvarez K, Canard B (2010) High 
yield synthesis, purification and characterisation of the RNase L activators 
5'-triphosphate 2'-5'-oligoadenylates. Antiviral Res 87:345-52 
Mozzi A, Pontremoli C, Forni D, Clerici M, Pozzoli U, Bresolin N, Cagliani R, 
Sironi M (2015) OASes and STING: adaptive evolution in concert. 
Genome Biol Evol  
Noguchi, S., Hamano, E., Matsushita, I., Hijikata, M., Ito, H., Nagase, T., & 
Keicho, N. (2013). Differential effects of a common splice site polymorphism 
	   17	  
on the generation of OAS1 variants in human bronchial epithelial cells. 
Human Immunology, 74(3), 395–401. doi:10.1016/j.humimm.2012.11.011 
Päri, M., Kuusksalu, A., Lopp, A., Kjaer, K. H., Justesen, J., & Kelve, M. (2014). 
Enzymatically active 2′,5′-oligoadenylate synthetases are widely distributed 
among Metazoa, including protostome lineage. Biochimie, 97, 200–209. 
doi:10.1016/j.biochi.2013.10.015 
Perelygin, A. a, Scherbik, S. V, Zhulin, I. B., Stockman, B. M., Li, Y., & Brinton, 
M. a. (2002). Positional cloning of the murine flavivirus resistance gene. 
Proceedings of the National Academy of Sciences of the United States of 
America, 99(14), 9322–9327. doi:10.1073/pnas.142287799 
Perelygin, A. A., Zharkikh, A. A., Scherbik, S. V, & Brinton, M. A. (2006). The 
mammalian 2’-5’ oligoadenylate synthetase gene family: evidence for 
concerted evolution of paralogous Oas1 genes in Rodentia and Artiodactyla. 
Journal of Molecular Evolution, 63(4), 562–76. doi:10.1007/s00239-006-
0073-3 
Quintana-Murci L, Alcais A, Abel L, Casanova JL (2007) Immunology in natura: 
clinical, epidemiological and evolutionary genetics of infectious diseases. 
Nat Immunol 8:1165-71 
Rebouillat D, Hovnanian A, Marie I, Hovanessian AG (1999) The 100-kDa 2',5'-
oligoadenylate synthetase catalyzing preferentially the synthesis of 
dimeric pppA2'p5'A molecules is composed of three homologous domains. 
J Biol Chem 274:1557-65 
	   18	  
Rogozin, I. B., Aravind, L., & Koonin, E. V. (2003). Differential Action of Natural 
Selection on the N and C-terminal Domains of 2′-5′ Oligoadenylate 
Synthetases and the Potential Nuclease Function of the C-terminal Domain. 
Journal of Molecular Biology, 326(5), 1449–1461. doi:10.1016/S0022-
2836(03)00055-X 
Sarkar, S. N., Bandyopadhyay, S., Ghosh, A., & Sen, G. C. (1999). Enzymatic 
characteristics of recombinant medium isozyme of 2’-5' oligoadenylate 
synthetase. Journal of Biological Chemistry, 274(3), 1848–1855. 
doi:10.1074/jbc.274.3.1848 
Zheng, S., Zhu, D., Lian, X., Liu, W., Cao, R., & Chen, P. (2015). Porcine 2’, 5'-
oligoadenylate synthetases inhibit Japanese encephalitis virus replication in 
vitro. Journal of Medical Virology. doi:10.1002/jmv.24397 
Zhu, J., Zhang, Y., Ghosh, A., Cuevas, R. a., Forero, A., Dhar, J., … Sarkar, S. 
N. (2014). Antiviral Activity of Human OASL Protein Is Mediated by 
Enhancing Signaling of the RIG-I RNA Sensor. Immunity, 40(6), 936–948. 
doi:10.1016/j.immuni.2014.05.007 
 
 
	   19	  
 
 
 
CHAPTER 1 
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WORLD PRIMATES 
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INTRODUCTION 
 
Oligoadenylate synthetases (OASs) are members of the interferon pathway, 
which plays an important role in innate antiviral defense (Goodbourn et al. 2000; 
Hovanessian 2007; Rebouillat and Hovanessian 1999). Upon infection with a 
viral pathogen, OAS enzymes are upregulated by interferon and act as viral 
sensors of infection in the cytosol by binding to, and being activated by, viral 
dsRNA. Upon activation, OAS enzymes synthesize 2’-5’-linked oligoadenylates 
using ATP and newly-synthesized oligoadenylates as substrates. These 
oligoadenylates trigger the dimerization and activation of RNase L, which acts as 
an indiscriminate RNase, targeting both viral and cellular RNA for degradation, 
thus stopping protein synthesis and viral replication. The OAS gene family 
consists of three active members containing one (OAS1), two (OAS2) or three 
(OAS3) homologous domains (Justesen et al. 2000; Kumar et al. 2000). OAS1 
has been shown to participate in the first line of defense against a wide range of 
viral infection including encephalomyocarditis virus, coxsackievirus B4, 
respiratory syncytial virus, West Nile virus, hepatitis C virus, and HIV-1 
(Silverman 2007). Association studies have determined that variation at OAS1 
correlates with disease severity or susceptibility to several viral infections of great 
public health significance such as hepatitis C virus (Knapp et al. 2003; Zhao et al. 
2013), SARS coronavirus (Hamano et al. 2005; He et al. 2006), West Nile virus 
(Bigham et al. 2011; Lim et al. 2009) and Enterovirus A (Cai et al. 2014).  
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OAS1 is the only member of the family whose crystal structure has been solved 
(Donovan et al. 2013; Hartmann et al. 2003). OAS1 is a globular protein 
composed of two large lobes (N- and C-lobes) connected by a linker region. In 
between the two lobes lies the active site within a deep electronegative channel. 
On the directly opposite side of the enzyme lies a positively charged groove, the 
RNA-binding domain (RBD). Upon binding an RNA ligand, OAS1 undergoes a 
conformational change resulting in the activation of the enzyme (Donovan et al. 
2013). Since OAS1 requires direct interaction with viral dsRNA for activation, it is 
likely that the evolution of this enzyme is affected by the evolution of viral 
pathogens or by the viral diversity to which organisms are exposed. Indeed, 
evolutionary analyses in rodents, primates and bats strongly suggest that the 
evolution of the OAS1 protein is driven by host-pathogen interactions (Ferguson 
et al. 2012; Ferguson et al. 2008; Mozzi et al. 2015). In chimpanzees, for 
instance, OAS1 is extraordinarily variable and it was shown that OAS1 alleles 
predate the origin of hominoids (Ferguson et al. 2012). The retention of ancestral 
polymorphisms over such a long period of time is highly unusual and strongly 
suggests that OAS1 has evolved under balancing selection, a type of natural 
selection that maintains allelic variation in populations. In human, on the other 
hand, Mendez et al. (Mendez et al. 2012; Mendez et al. 2013) failed to detect the 
signature of balancing selection, yet they made a very interesting observation: 
they showed that some human populations had retained OAS1 alleles of 
Neanderthal or Denisovan origin. However, it remains unknown if the persistence 
of these OAS1 alleles in modern human is adaptive, possibly conferring some 
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advantage to the individuals carrying these alleles, or if this polymorphism is 
neutral. 
 
We decided to further investigate the diversity of OAS1 in primates since 
evolutionary analyses can be of great help in answering essential questions 
concerning the antiviral function of immunoproteins (Cagliani and Sironi 2013; 
Fumagalli and Sironi 2014). Here we analyze the diversity of OAS1 in baboons 
(g. Papio) and macaques (g. Macaca), two primate genera that have long served 
as models in infectious disease research (Misra et al. 2013; Palermo et al. 2013; 
Valdes et al. 2013; Wolf et al. 2006). We show that OAS1 harbors a very low 
diversity in baboons but a remarkably high variability in macaques, suggestive of 
the action of balancing selection. We demonstrate that balancing selection is 
principally acting on sites of the RNA-binding domain. Using in silico models of 
the OAS1 alloforms, we further show that these balanced polymorphisms are 
likely to affect the RNA binding properties of the enzyme. 
 
MATERIALS AND METHODS 
 
Sampling 
Genomic DNA was acquired from the Southwest National Primate Research 
Center from the following species: rhesus macaques (Macaca mulatta; N=8), 
cynomolgus macaques (Macaca fascicularis; N=8), olive baboons (Papio Anubis; 
N=7), and Guinea baboons (Papio papio; N=6).  
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Sequencing and haplotype determination 
The six exons constitutive of the entire protein-coding sequence of OAS1 were 
amplified independently by PCR using primers located in introns. The amplicons 
were sequenced directly in both directions by the High-Throughput Genomics 
Unit at the University of Washington in Seattle. Geneious Pro 5.5.6 (created by 
Biomatters available at http://www.geneious.com) was used for sequence 
alignment, assembly and heterozygote base-calls. We used PHASE v. 2.1 to 
determine haplotypes (Stephens and Scheet 2005; Stephens et al. 2001). Due to 
a high number of heterozygotes in some OAS1 reads, we ran PHASE using both 
individual exons and complete OAS1 cDNA sequences; these methods yielded 
identical results. For the analyses herein (except where otherwise mentioned), 
we have limited analysis to the most common isoform (p40/42),	   consisting	   of	  exons	   one	   through	   five.	   The sequences are deposited in GenBank under 
accession numbers KR260685-KR260713. 
 
Evolutionary analyses 
We calculated for each species the following summary statistics: h (the number 
of haplotypes), S (the number of segregating sites), π (the nucleotide diversity 
estimated as the average divergence between 2 alleles selected at random), and 
ɵW, (the Watterson estimator of diversity or population mutation rate). We also 
calculated Tajima’s D to assess the impact of natural selection on variation 
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(Tajima 1989). These calculations were performed using DnaSP v.5 (Librado and 
Rozas 2009). 
 
We used the Hudson-Kreitman-Aguade (HKA) test to determine the effect of 
selection at the OAS1 locus (Hudson et al. 1987). The HKA test statistically 
evaluates selection by comparing the ratio of polymorphism to divergence at a 
locus of interest with the same ratio at one or more neutral loci. Under neutrality, 
this ratio should be the same across the genome but an excess of polymorphism 
relative to divergence at a specific locus could be interpreted as evidence for 
balancing selection while a deficit of polymorphism would indicate positive 
directional selection. Statistical significance is assessed using a X2 goodness-of-
fit test. As neutral region of reference, we used for the rhesus macaque 30 
randomly chosen loci that had previously been sequenced in 38 Indian and 9 
Chinese unrelated individuals (Hernandez et al. 2007). For the cynomolgus we 
used 26 non-coding regions that were sequenced in 24 individuals from three 
Southeast Asian origins (Osada et al. 2010). For the two baboon species, we 
used the 12 neutral regions analyzed in Boissinot et al. 2014. As outgroups we 
used human and gorilla sequences. The multi-locus HKA test was performed 
using Jody Hey’s HKA software (available at https://bio.cst.temple.edu/~hey/-
software/software.htm#HKA) or Sebas Ramos-Onsins HKAdirect software 
(http://bioinformatics.cragenomica.es/numgenomics/people/sebas/software/softw
are.html). 
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We also used the McDonald-Kreitman test (MK), which compares the ratio of 
nonsynonymous to synonymous polymorphism within species to the ratio of 
nonsynonymous to synonymous fixed differences between species (McDonald 
and Kreitman 1991). Under neutrality these ratios should be identical whereas an 
excess of nonsynonymous polymorphism indicates balancing selection and a 
deficit of nonsynonymous variation suggests directional positive selection. We 
used the online MK test program MKT (http://bioinf3-.uab.cat/mkt/MKT.asp), 
which includes a X2 test with Jukes & Cantor corrections for statistical validation 
(Egea et al. 2008). In addition, we calculated the neutral index N.I., simply 
defined as (number of polymorphic replacement/number of fixed 
replacement)/(number if polymorphic silent sites/number of fixed silent sites), 
which is equal to one under neutrality (Rand and Kann 1996). 
 
The four-gamete test (Hudson and Kaplan 1985), implemented in DnaSP, was 
used to test for recombination and for identification of recombination break 
points. Linkage disequilibrium was evaluated by calculating the correlations for all 
pairs of single nucleotide polymorphisms (SNPs) and statistical significance was 
determined using a X2 test using a Bonferroni correction. 
 
For each species we constructed networks using the median-joining method 
(Bandelt et al. 1999) implemented in NETWORK v.4.6 (available at 
http://www.fluxus-engineering.com). We also created a maximum likelihood tree 
using the Tamura-Nei model of mutation and we assessed its robustness with 
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1,000 bootstrap iterations. The phylogenetic analysis was performed using 
MEGA 5.2.2 (Tamura et al. 2011). 
 
PolyPhen-2 analysis 
In order to pinpoint naturally-occurring amino acid variants that may have 
significant effects on protein structure and function, we used PolyPhen-2 
(Adzhubei et al. 2010). This software uses a naïve Bayesian classifier to identify 
SNPs that may alter protein structure and function. This iterative process 
combines properties mined from several sequence- and structure-based 
databases to determine the statistical likelihood of a replacement being benign to 
probably damaging (0.0-1.0 scale). Because PolyPhen-2 only operates with 
human protein sequences, we aligned our species’ OAS1 primary structure to 
human OAS1. Human OAS1 shares 94% pairwise amino acid similarity with 
macaques and baboons, so editing a human OAS1 reference sequence (NCBI 
RefSeq: NP_001027581.1) to include each mutation was both simple and 
sufficient to garner useful output.  
 
Creation and visualization of in silico protein models 
To assess the structural and electrostatic changes associated with amino acid 
polymorphisms we created in silico models of the OAS1 alleles found in baboons 
and macaques. The crystal structure of human OAS1 (hOAS1) with bound RNA 
and dATP has recently been published (Donovan et al. 2013). Considering the 
level of conservation of OAS1 between monkeys and humans at the amino acid 
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level, it seems justified to use the solved structure of human OAS1 (PDB ID: 
4IG8) to confidently model and annotate residues in the old world monkeys. 
Though taxonomically distant, we also found it valuable to use the porcine OAS1 
(pOAS1) crystal structure (PDB ID: 1PX5), as it shares the overall structural fold 
and provides a template for modeling OAS1 without bound RNA. These 
templates allowed for creation of model sets representing before- and after-
activation structural representations of the enzyme.  
 
We used the modeling suite SWISS-MODEL (swissmodel.expasy.org) to 
generate three-dimensional models of primate OAS1 alleles. SWISS-MODEL 
uses a solved protein homolog as template, upon which the query sequence is 
framed. Model quality was assessed using two protein structure validation tools, 
Verify3D (Eisenberg et al. 1997) and ProSA-web (Sippl 1993; Wiederstein and 
Sippl 2007). Verify3D compares properties of primary structure to the structural 
environments modeled in the tertiary structure, producing quality scores in 21-
residue windows across the amino acid sequence. ProSA-web assesses solvent-
to-residue and intermolecular energies throughout the model to calculate an 
overall Z score (plotted amongst a database of solved proteins’ Z scores), as well 
as localized scores. 
 
We used the molecular visualization platform PyMOL to visualize and virtually 
analyze the OAS1 models created with and without RNA ligands. We created 
overlays of different OAS1 molecules to investigate how the solved and predicted 
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model structures compare and to better understand, based on predicted position 
and orientation, the possible effects and importance of specific mutations. Unless 
otherwise noted, measures between nucleobases and amino acid side groups 
were made from the nearest non-hydrogen atom of the R group to the nearest 
non-hydrogen atom of the base group of the ribonucleic acid (rather than to the 
RNA backbone). In order to map surface electrostatic characteristics onto 
models, we used the Adaptive Poisson-Boltzmann Solver (APBS) (Baker et al. 
2001) plugin (written by Michael G. Lerner). APBS files were first created using 
PDB2PQR (Dolinsky et al. 2004) with the following settings: PARSE forcefield, 
internal naming scheme, optimized for H-bonding network, pH=7.0.   
 
RESULTS 
 
Polymorphism at OAS1 
The four species of primates analyzed here present very different levels of 
polymorphism at the OAS1 gene (summarized in table 1, figure 1.1 and figure 
1.2). The highest variability was found in cynomolgus macaque with 48 SNPs 
(i.e. ~44 SNPs/Kb) resulting in 16 different haplotypes (out of 16 sequenced 
haplotypes). A large number of SNPs was also found in the rhesus macaque (30 
SNPs) resulting in 8 different haplotypes. A significant fraction of SNPs are found 
at relatively high frequency (>0.25) in both species (13 and 12 SNPs in rhesus 
and cynomolgus respectively) but within each species a large number of private 
SNPs was detected: 22 in cynomologus and 14 in rhesus. However, many of 
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those SNPs that are private within species are in fact shared between species so 
that the actual number of singletons in macaques is 12 in cynomolgus and 3 in 
rhesus. The large number of private SNPs account for slightly negative, yet non-
significant, values for Tajima’s D (table 1.1) in both species. We didn’t observe a 
single fixed difference between the two macaques, which is not surprising 
considering their recent divergence (~1 mya) and the occurrence of recent gene 
flow between them (Osada et al. 2008).  
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Figure 1.2. Variation at the OAS1 gene in Guinea and olive baboons.
The frequency of each haplotype is indicated for the Guinea and olive baboon.
Amino acids changes that are recognized as damaging by PolyPhen-2 are 
shaded in grey.
!!!!!!!!!!!Coding!Sequence!Posi/on
1 1
1 1 1 3 9 0 0
Guinea Olive 7 1 3 5 9 3 1 2
Alleles baboon baboon 1 7 8 2 2 3 6 8
Hap1 1.00 0.00 G G C C C A C A
Hap2 0.00 0.36 . . . . T . . G
Hap3 0.00 0.29 . . . . . . . G
Hap4 0.00 0.07 C T . A . . . G
Hap5 0.00 0.07 . . . . T . _ G
Hap6 0.00 0.07 . . T . . . . G
Hap7 0.00 0.07 . . . . T . _ .
Hap8 0.00 0.07 . . . . T G _ .
amino!acid!posi/on 1 3 3
2 5 3 4 4
4 1 1 0 3
Residue!in!Haplotype!1 R S A V Stop
T Y V Stop W
Frequency
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Interestingly, the proportion of SNPs resulting in changes at the amino acid level 
is remarkably high in both macaques: 36 (out of 48) and 22 (out of 30) SNPs are 
nonsynonymous in the cynomolgus and rhesus macaques, respectively. A 
premature stop-codon in exon 5 was found in one haplotype in each species. In 
addition, an insertion of six nucleotides in the second exon, resulting in the 
addition of two amino acids, was found at a frequency of 0.2 and 0.4 in the 
cynomolgus and rhesus macaque, respectively. Consistent with the large number 
of SNPs in these two species, the nucleotide diversity is remarkably high, at 1.10 
and 0.84% in cynomolgus and rhesus, respectively. This is much higher than the 
diversity reported in protein coding genes (~0.175 - 0.27%) and higher than the 
overall genomic average reported in these species (0.24 - 0.35%) (Osada et al. 
2010). The genetic diversity of macaques has been shown to vary by 
subspecies, geography, and sequencing coverage, but all published estimates 
are several-fold lower than those found at OAS1 (Ferguson et al. 2007; Osada et 
al. 2010). 
 
By comparison, OAS1 in baboon harbors a very low variability (figure 1.2). We 
didn’t find a single SNP in the Guinea baboon and only seven SNPs in the olive 
baboon, resulting in nucleotide diversity of 0.00 and 0.16%, respectively. Five of 
the seven SNPs correspond to private mutations. A single base pair deletion in 
exon 5 resulting in a premature stop codon was found in 3 haplotypes. 
Interestingly, all the Guinea baboon sequences have the same nonsense 
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mutation in exon 5 identified in macaques. The low level of diversity in baboons 
is very similar to the genomic average in these species (0.023 and 0.14% in 
Guinea and olive baboons, respectively (Boissinot et al. 2014)). 
 
Tests of selection 
The high level of variation in macaque suggests that balancing selection, a form 
of selection that maintains polymorphisms in population, is acting at this locus. 
We tested this hypothesis using the HKA test of selection by comparing the ratio 
of polymorphism to divergence between OAS1 and a collection of non-coding, 
putatively neutral regions that had previously been sequenced in the two 
macaques (table 1). In both the rhesus and the cynomolgus macaque, we found 
that variation at OAS1 significantly exceeds what is expected given the 
divergence between macaque and human, thus confirming the balancing 
selection hypothesis (P = 0.001). It should be noted that the neutral regions of 
reference were sequenced in a geographically diverse sample of macaques; it is 
thus unlikely that neutral variation is underestimated when compared with OAS1 
variation. As expected, the HKA test did not reveal any deviation from neutrality 
in baboons.  
 
Another prediction of the balancing selection hypothesis is an excess of 
polymorphic replacements relative to silent mutations. The amount of 
polymorphism is correlated to the level of between-species divergence under 
neutrality, and this should be true for both replacement and silent sites. Thus we 
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compared the level of polymorphism at replacement and silent sites with the 
fraction of replacement and silent sites that are fixed between each of our focal 
species and an outgroup. To this end, we calculated the MK test parameter NI, 
which is predicted to be higher than 1 if balancing selection is acting at a locus 
(table 1). Using human or gorilla as outgroup, we obtained values that were 
considerably above 1 for both macaque species (1.6 to 1.9 for cynomolgus and 
1.4 to 1.7 for rhesus), although we were not able to statistically exclude neutrality 
(P=0.16 to 0.37 for cynomolgus and P=0.30 to 0.56 for rhesus). For comparison, 
the NI values for the olive baboon ranged from 0.75-0.89 (P = 1.0).  
 
Recombination and network analysis  
The recombination analysis was performed for each species and for each genus. 
Rhesus macaques have fewer haplotypes, necessitating far less recombination, 
evidenced by the minimum number of recombination events predicted to be 2. In 
cynomolgus, 9 events can minimally explain the current haplotypic structure. 
When we assess all these haplotypes together, the minimum number of 
recombination events is 12. We ran linkage disequilibrium analysis using DNAsp 
in order to test linkage between polymorphisms. Pooling all macaque sequences, 
linkage was found (P<0.001) between 77 pairs of polymorphic sites. Nearly all 
linkage was found to be between physically close sites (located in the same 
exon), and no LD between distant sites that could be suggestive of epistatic 
interactions between polymorphic amino acids was found. The amount of 
recombination at the OAS1 locus is also apparent in the haplotype network 
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(figure 1.3), which shows considerable reticulation. We did not find any evidence 
of recombination in olive baboon, which is not surprising considering the very 
small number of polymorphisms that were evident in this species. 
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Olive&baboon&Guinea&baboon&
Cynomolgus&macaque&Rhesus&macaque&
A"
B"
Figure 1.3 Haplotype networks of OAS1 alleles in macaques and baboons
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In silico modeling of OAS1 alloforms 
For the purposes of in silico modeling, we used only naturally-occurring alleles, 
choosing those containing the largest proportion of high-frequency amino acid 
polymorphisms. Using these criteria, we selected alloforms Cy8-2 and Rh2-1 
(figure 1.1) for the majority of in silico modeling and analysis. For the few 
polymorphisms of interest not represented, we modeled additional alloforms. 
SWISS-MODEL produced models of quality at, or very near, those of the solved 
human OAS1 protein (Verify3D overall average scores: 0.48 for hOAS1 and 0.46 
to 0.48 for the predicted models; ProSA-web overall Z-score: -9.73 for hOAS1 
and -10.19 to -10.38 for the predicted models). A single loop that could not be 
crystalized for either porcine or human OAS1 (residues 120-131) was evaluated 
to be of low quality in all of our models. Despite this, they were sculpted nearly 
identically amongst alloforms (figure 1.4).  
 
In analyzing the protein models, we have methodically judged the potential 
structural and functional effects of the polymorphic residue mutations on an 
individual basis as well as collectively where relevant. We examined the impact 
of each amino acid replacement on: (1) enzymatic function, (2) ligand-borne 
activation, and (3) RNA binding influence. Salient characteristics considered 
were R-group biochemical characteristics (charge and structure, charge, 
hyrophobicity / polarity, size / structure), location, orientation (in relation to both 
neighboring residues and RNA), previously-published research, and homology. 
	   39	  
In our analysis we distinguished between polymorphisms in the RBD (table 1.2) 
and those outside the RBD, since pathogen-driven balancing selection predicts 
that regions of the protein that interact directly with viral RNA are most likely to 
contain the balanced polymorphisms. 
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Analysis of polymorphisms in the RNA binding domain  
The crystalized human OAS1 with docked RNA has revealed 20 amino acids that 
bond either electrostatically or via hydrogen bond to the RNA ligand (Donovan et 
al. 2013). Considering the high degree of overall conservation of sequence and 
structure and after meticulous comparison of hOAS1 overlaid with a variety of 
primate OAS1 models, we are confident that most if not all of these 20 amino 
acids serve the same binding function in primates as in human. 
 
Polymorphisms R27L, M28T and H32R are located within the same helix (N3) 
comprising the major binding sites of the RBD in the N-lobe (figures 1.4 and 1.5). 
Helix N3 notably takes part in the conformational change that OAS1 undergoes 
upon RNA-mediated activation (Donovan et al. 2013). Residue 27 takes part in 
direct electrostatic binding to the docked RNA backbone and all three of these 
polymorphic sites are situated on the surface of the protein with potentially 
significant effect on RNA-binding affinity. Located three and four residues apart 
within the helix places residue 32 adjacent to both 27 and 28. The R27L mutation 
conveys significant electrostatic and hydrophobicity changes at the molecular 
level. This leucine mutation is not likely to contribute to electrostatic interaction, 
but the long arginine side group can reach far into the docked RNA major groove. 
Interestingly, PolyPhen-2 does not indicate any potential damage from the 
change, perhaps because leucine occupies this site in the hOAS2 and hOAS3 
paralogs. For the polymorphism H32R, the surface electrostatic profile change 
appears to be quite dramatic as the arginine creates a far more electropositive 
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surface than the histidine side group. Human OAS1’s solved structure, featuring 
histidine at this site, does not demonstrate direct interaction here (Donovan et al. 
2013).  
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Figure 1.5 Ribbon representation of OAS1 with docked RNA showing select 
polymorphic mutations in different macaque alloforms. 
A"
B"
C"
D"
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Polymorphisms P52T, R54C and R54H are found in a long and disordered linker 
between helix N3 and ß strand 1. They can presumably participate in RNA-
binding because of their proximity to docked RNA and because of the flexibility of 
the linker. P52 is highly conserved across taxa, but the threonine replacement 
would presumably allow for increased potential for interaction with docked RNA. 
Residue 54 participates in direct binding to RNA, and it is surprisingly variable 
within primates despite the otherwise high degree of conservation at this position 
amongst non-primates (blastp results). The surface electrostatics shows a 
significant replacement effect as R54 yields a broad electropositive surface to the 
protein while cysteine has neutral effect. In our model, R54 is 7.6Å from the 
nearest nucleobase, but upon R-group rotation this is reduced to as little as 3.8 
Å; C54 is significantly further away and therefore less likely to interact. The 
cysteine polymorphism, however, has the potential to form a stabilizing disulfide 
bond with proximal C45, perhaps stabilizing this linker region (we cannot assume 
this to be the case, as OAS1 is generally considered cytosolic). Replacements at 
sites 52 and 54 may have an effect on residue S56 which bonds directly to RNA 
nucleobase G17. The role of G17 is noteworthy because point-mutation of G17 
has been shown to decrease OAS1 activation 30-fold (Donovan et al. 2013). 
Presumably, even a small degree of interference with S56’s hydroxyl group could 
greatly decrease activation.  
 
G163D is located in a pliant and extensive linker between the N and C lobes 
(figure 1.5). The solved structure identifies only Q160 in this immediate region as 
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contributing to RNA-binding (via three hydrogen bonds). D163 partially occludes 
the deep positive groove created by helix C3, which features the conserved 
RNA-binding sites R197, K201, and Q202. The ancestral G163 amino acid 
increases overall linker flexibility and produces a concavity for the RNA backbone 
to nestle. 
  
The remaining polymorphic residues of interest lie within the C-lobe. Variable 
residues N198D and R203H are located centrally along the lateral axis of the 
RNA-binding groove directly across from helix N3. Although N198D is within the 
highly-conserved helix C3, its positioning three and four residues away, place it 
cis K201 and Q202, superficial and facing the nucleic acid ligand. Presumably, 
negatively charged D198 could interfere with the electropositive character of the 
region conferred by R197 and K201. Immediately neighboring N198D is R197, a 
key player in conformational change, the side group of which exchanges position 
with that of K66 when RNA docks. This exchange is one of the major 
reconfigurations required for the active site to become functional (Donovan et al. 
2013). We predict that N198D would not negatively impact this essential 
interchange because our structural and kinetic models show that its side group, 
before and after binding, is oriented external to the deep groove in which the 
conformational change physically occurs. In addition, several mammals (e.g. 
rodents, New World primates) have independently evolved this specific mutation 
(blastp) and PolyPhen-2 classifies this change as benign.  
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R203H lies in the middle of the linker region connecting helices C3 and C4. At 
this linker, point mutation activity assays of both K201E and K206E (K198E and 
R203E in pOAS1, respectively) have shown decreased activity by 2 to 3 orders 
of magnitude (Hartmann et al. 2003). Neighboring are several residues identified 
as RNA-binding, Q202, T205 and K204, with which 203 could interact. Residue 
203 is situated at the minor groove of docked RNA, which can potentially allow 
for nucleobase recognition. PolyPhen-2 scores this replacement at 0.66, possibly 
damaging, most likely due to the ubiquitous conservation of R at this site. We 
predict that this mutation is likely to have a significant effect on RNA binding. 
  
The most C’ polymorphic residues that play a part in the RBD are M247T and 
T249R, the latter of which form hydrogen bonds with RNA. Both are located in a 
loop between helices C5 and C6, capable of interacting with RNA and each 
other. In addition, polymorphic amino acid 203 is situated very close to both 247 
and 249, potentially allowing for interaction between these residues. Our models 
indicate that even accounting for the flexibility of the linker, only 249 appears to 
be situated such that it could take part in RNA binding at the minor groove. The 
electrostatic profile of the models shows that the T249R replacement 
considerably alters surface structure and charge. Arginine greatly protrudes from 
the edge of the RBD with its highly positive side group. This region, at the edge 
of the RBD, could plausibly influence RNA ligand binding based on RNA length 
and higher order structure. 
 
	   48	  
Analysis of polymorphisms outside the RNA Binding Domain 
  
The balancing selection hypothesis posits that selection will act on regions that 
interact directly with viral dsRNA, yet the enzymatic activity must not be hindered 
by polymorphic amino acids. To this end, we have examined the naturally-
occurring non-RBD mutations that might alter the essential mechanisms of 
activation and synthesis activity of the enzyme. Outside of the RBD, there are 26 
amino acid variants, and of these only R127H, W128R and P131R are predicted 
to noticably affect the protein secondary structure. The region from residues 121-
126 in human OAS1 and 125-130 in porcine OAS1 are uncharacterized and most 
likely correspond to disordered loops that could not be crystalized. Verify3D, 
which assesses quality solely based on amino acid sequence versus predicted 
secondary structure, calculated low-quality scores for the region spanning amino 
acids 120-131 (with nadir scores ranging from 0.00 to 0.23). Until this region is 
better characterized, it will be difficult to assess the functional significance of 
these three changes. PolyPhen-2 identifies R127H and P131R as possibly 
damaging with scores of 0.76 and 0.85 respectively, while W128R is completely 
benign (0.0 score).   
 
Polymorphism G96R is found in a loop on the other side of the protein from the 
RBD and the structure of the protein is not predicted to change with this 
replacement. It could however be significant since glycine and arginine differ 
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greatly in charge and size. In addition, PolyPhen-2 classifies this replacement as 
possibly damaging (0.79). 
 
Focusing on the active site and the residues responsible for conformational 
change, we found one polymorphism, R73Q, located only two residues from a 
metal-binding aspartic acid. Glutamine is relatively neutral, compared to arginine, 
but the terminal amide group may participate in some of the same interactions. 
We have also kinetically modeled this site to shift during the conformational 
change, so it could potentially interfere with activation or activity, yet PolyPhen-2 
classifies this site as unlikely damaging. The fact that human OAS2 has a glycine 
at the paralogous site, leads us to believe that the mutation is not likely to 
negatively affect enzymatic activity. 
 
In addition to analyzing polymorphisms, it is of some value to note mutations that 
we do not observe. Of the many amino acid polymorphisms we identified in 
macaque OAS1, we do not have replacements that would predictably disrupt any 
helices or ß-sheets. We also found no polymorphic amino acids in our models 
with R-groups facing internally. Though macaque haplotypes do contain 
replacements with large hydrophobicity shifts, the position of each of these is 
located in superficial linkers or loops where they are least likely to interfere with 
known enzyme structure or function. This dearth of hazardous mutations is 
consistent with an evolutionary history of purifying selection at sites important for 
the activation and enzymatic activity of OAS1. 
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DISCUSSION 
 
We analyzed intra-specific variation at the OAS1 gene in four species of primates 
belonging to two primate genera that are widely used in infectious disease 
research. We found that the level of variation differs considerably among taxa. 
OAS1 exhibits a level of polymorphism far greater than the genomic average in 
macaques. Using the HKA test, we validated the hypothesis that this remarkably 
high level of variation is caused by balancing selection. We further showed that 
the region of the protein that interacts directly with viruses and their products, the 
RNA binding domain, contains a number of polymorphisms likely to affect the 
RNA binding affinity of OAS1 in subtle ways. These mutations however do not 
result in large surface electrostatic changes that would inhibit RNA binding and 
enzymatic activation. We further, did not observe mutations that would 
compromise essential enzymatic function and structure. Together these lines of 
evidence strongly suggest that pathogen-driven balancing selection acting on the 
RBD is maintaining variation at this locus. In contrast, OAS1 in baboons exhibts 
a level of polymorphism comparable to or lower than the genomic average, 
suggesting that the selective pressure acting on OAS1 differs greatly between 
these two primate genera. 
 
Balancing selection is believed to be rare in nature compared with positive 
directional selection (Fischer et al. 2014). In addition, selective sweeps of 
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particularly favorable alleles or drastic reduction in population size could erase 
the signature of balancing selection; thus balanced polymorphism is predicted to 
be transient and long-term balancing selection exceedingly rare (Charlesworth 
2006). Yet, recent studies in human have emphasized the importance of 
balancing selection as an efficient mechanism to maintain variation in 
populations (reviewed in (Key et al. 2014)), particularly at immunity genes. The 
most famous and best documented example of balancing selection concerns 
genes of the MHC system where alleles have been maintained in populations for 
millions of year, resulting in trans-specific polymorphisms (Klein et al. 1993; 
Lawlor et al. 1988; Mayer et al. 1988). In recent years, candidate gene analyses 
as well as genome-wide searches have identified additional loci that have 
evolved under balancing selection, including the ABO blood group (Leffler et al. 
2013), the anti-retroviral TRIM5 gene (Cagliani et al. 2010), and the CCR5 gene 
(Bamshad et al. 2002). It has even been proposed that balancing selection is the 
main evolutionary force acting on innate immunity genes (Ferrer-Admetlla et al. 
2008), a category of genes to which OAS1 belongs. 
 
Balancing selection had previously been demonstrated at OAS1 in central 
African chimpanzees (Ferguson et al. 2012). Comparable to what we find in 
macaques, chimpanzee OAS1 contains an extremely high level of polymorphism 
that far exceeds the genomic average as well as an excess of nonsynonymous 
polymorphisms (relative to divergence). Furthermore, a conspicuous number of 
polymorphic sites appeared to fall in the RBD (Ferguson et al. 2012). In order to 
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see if any of the replacement sites in macaque were shared with chimpanzee, we 
aligned the primary protein sequences as well as the structural models. The two 
main groups of alleles in chimpanzee differ by 15 polymorphic amino acids. 
Seven of these sites (28, 54, 96, 128, 163, 244, and 337) are also polymorphic in 
macaque. Surprisingly, six of these residues are polymorphic for exactly the 
same amino acids and include three RBD sites (28, 54 and 163), two of which 
(28 and 54) were identified as selected sites by Mozzi et al (2015). Another five 
polymorphic amino acids in macaque immediately neighbor residues that are 
polymorphic in chimpanzee. This similarity between macaque and chimpanzee is 
demonstrated on figure 1.6, which shows RBD polymorphisms side by side. The 
similarity between these two primate taxa is striking and could suggest that these 
polymorphisms have been maintained by long-term balancing selection since 
macaque and chimpanzee split. This is however very unlikely since macaque 
and chimpanzee otherwise differ by 15 fixed amino acids and phylogenetic 
analysis demonstrate that chimpanzee and macaque alleles are reciprocally 
monophyletic (not shown). 
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There are however two main differences between chimpanzee and macaque in 
the pattern of variation at OAS1. First, we did not detect in macaque an excess of 
intermediate frequency alleles that would have yielded positive values of Tajima’s 
D, whereas such an excess of intermediate frequency alleles was found in 
chimpanzee, resulting in positive and significant values of Tajima’s D. Second, 
we did not find any evidence for linkage disequilibrium in macaque whereas very 
strong linkage, suggestive of epistatic interactions, was found in chimpanzee 
between mutations in exon 1, 3 and 4. Although differences in recombination rate 
or in the type of pathogens those two species are exposed to could account for 
this pattern, it is more likely to reflect a difference in the age of the balanced 
polymorphism. Multi-locus selection takes a long time to generate linkage 
disequilibrium (Hedrick 2010) and Tajima’s D fails to detect balancing selection if 
selection is too recent (Garrigan and Hedrick 2003). Thus it is most likely that 
balancing selection has not acted on OAS1 polymorphisms in macaque as long 
as it has in chimpanzee.  
 
Since balancing selection has played such a significant role in the evolution of 
OAS1, it is somewhat surprising that we did not find any evidence for it in 
baboons. Two processes could have erased the signature of balancing selection 
in these species. First, a diversity-reducing demographic event, such as a 
population bottleneck, could have eliminated allelic diversity at OAS1. This is 
however very unlikely since baboons have maintained relatively large effective 
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population size for most of their history (Boissinot et al. 2014). Second, a 
selective sweep resulting in the fixation of a highly favorable allele could have 
occurred in the ancestor of baboons. When compared to macaque, there are 
only 3 derived mutations that are fixed or nearly fixed in baboons at residues 
T24R, H25R and Y51S. Residue 24 and 25 belong to the α helix N3, which 
participates in the RBD, and residue 24 was shown to interact directly with the 
RNA ligand (Donovan et al. 2013). The fixation of a positively charged arginine in 
place of an uncharged threonine is undoubtedly a highly significant change that 
could have affected drastically the RNA-binding affinity of the baboon OAS1. 
Interestingly, residue 24 is polymorphic in chimpanzee (T/K) (Ferguson et al. 
2012) and was identified as a site under positive selection in this species (Mozzi 
et al. 2015). The mutation at residue 25 is unlikely to have much effect since the 
sidegroup ostensibly orients away from the RBD and a mutation from arginine to 
histidine is a conservative change. The change from the hydrophobic tyrosine to 
the uncharged serine at position 51 could also have a functional impact due to its 
proximity to a group of six residues (residues 54 to 60) that bind directly to the 
RNA ligand. We speculate that an episode of positive directional selection acting 
on one of these three sites (or on a combination of them) could have erased the 
signature of balancing selection in baboons. This hypothesis will however require 
experimental validation. 
 
The mechanisms responsible for the maintenance of balanced polymorphism 
remains unclear but could include heterozygote advantage (if heterozygotes are 
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better protected against viral pathogens), frequency-dependent selection or 
selection that varies in space and/or time. Whatever the exact mechanism, the 
persistence of amino acid polymorphisms, in particular at the RBD, strongly 
suggests that OAS1 alleles differ in their RNA binding activity, most likely to 
achieve optimal recognition of specific viral RNAs. The RNA-binding specificity of 
OAS1 implied by our evolutionary analysis is not consistent with early molecular 
studies, which suggested that OAS1 is a non-specific sensor of viral infection. 
This agrees well with the involvement of the OAS1/RNse L pathway against a 
wide diversity of viral infection (Silverman 2007). More recent studies however 
have shown differential binding and activation of OAS1 based on RNA sequence, 
RNA secondary structure or presence of 3’ single-stranded pyrimidine motifs 
(Deo et al. 2014; Hartmann et al. 1998; Kodym et al. 2009; Vachon et al. 2015). 
The dsRNA consensus sequences NNWW(N)nWGN (Kodym et al. 2009), 
AYAY(N)nCC, and UU(N)nACCC (Hartmann et al. 1998) have been identified 
experimentally and it was shown that single or double SNPs in RNA ligands 
could alter OAS1 activation by degrees of magnitude. This is compelling 
evidence that minor changes to RNA sequence or to the RBD can profoundly 
shift OAS1’s antiviral response. It is thus plausible that the polymorphisms we 
identified can confer some level of specificity of OAS1 for different viral species. 
The present analysis, together with previous studies in chimpanzees and other 
mammals (Ferguson et al. 2012; Mozzi et al. 2015), provides a collection of 
candidate amino acids for future functional studies aimed at determining the 
molecular basis of the binding specificity of OAS1. 
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ABSTRACT 
 
As some of the most intense evolutionary burdens that animals encounter, 
viruses impart significant selective pressure on host defensive genes. Those 
genes at the forefront, responsible for identifying and binding exogenous 
molecular viral components, will carry the hallmarks of this struggle. 
Oligoadenylate synthetase (OAS) enzymes bind viral dsRNA and then signal 
ribonuclease L (RNase L) to degrade RNA, shutting down viral and host protein 
synthesis. We have investigated the evolution of OAS1 in nineteen Old World 
monkey species. In support of previous findings, we identified a total of 35 
codons with the earmarks of positive selection. Subdividing OAS1 into domains 
has revealed intense purifying selection in the active domain. This also revealed 
significant positive directional selection in the RNA-binding domain (RBD), the 
region where OAS1 binds viral dsRNA. In silico modeling and comparison of 
orthologous OAS1 proteins reveals a novel distribution of rapidly evolving 
residues in one region of the RBD in particular. This analysis also identifies a 
distribution of positively selected sites circumscribing the entry to the active site 
suggesting adaptive evasion of viral antagonism and/or diversifying 
oligoadenylate production.  
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INTRODUCTION 
 
Infection by pathogens constitutes one of the most important selective pressures 
organisms are subjected to. The impact viral pathogens exert on their host is 
attested by the rapid evolution of immunity genes, particularly at sites directly 
interacting with pathogens (Daugherty and Malik 2012; Quintana-Murci et al. 
2007; Rausell and Telenti 2014). This pattern is best explained by a recurrent co-
evolutionary process between rapidly evolving pathogens evading and 
antagonizing host defenses and the host immunity genes adapting in response. 
Since selection for adaptive changes is most likely to affect regions of 
immunoproteins that interact directly with pathogens, evolutionary studies can be 
of great help to better understand the function of immunoproteins and the 
mechanisms of resistance to infection. 
 
In recent years, a number of functional and evolutionary studies have 
emphasized the significance of oligoadenylate synthetases (OAS) as key players 
in the innate defense of vertebrates against their viral pathogens (Silverman 
2007). Shortly after viral infection, systemic interferon signaling upregulates 
genes of the OAS-RNase L pathway. Within the cytosol, an OAS enzyme binds 
viral dsRNA by way of a large electropositive furrow, the RNA-binding domain 
(RBD). This leads to active reconfiguration of the catalytic site (Donovan et al. 
2013; Hartmann et al. 2003). Oligoadenylate synthesis requires 2’-to-5’ 
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phosphodiester linkage of donor ATP to acceptor ATP or acceptor 
oligoadenylate. These oligoadenylate products are the ligands needed for RNase 
L to dimerize into its active form. Active RNase L subsequently degrades viral 
and host RNA, leading to inhibition of protein synthesis and restriction of viral 
replication. 
 
In primates, including human, the OAS family is comprised of OAS1, OAS2, 
OAS3, and OASL. OAS1 is by far the most highly studied member of this family. 
Association studies and experimental analyses in animal models have shown 
that OAS1 plays an important role in resistance to several flaviviruses such as 
West Nile virus and dengue virus (Alagarasu et al. 2013; Bonnevie-Nielsen et al. 
2005; Lim et al. 2009; Mashimo et al. 2002). OAS1 variation has also been 
implicated in susceptibility to enteroviruses, respiratory syncytial virus and others 
(Behera et al. 2002; Cai et al. 2014). 
 
Genes of the OAS family have been shown to harbor the signatures of positive 
selection, that is selection in favor of amino acid changes. Evolutionary analyses 
across Primates and Chiroptera have reported accelerated evolution of OAS 
proteins, particularly for OAS1 (Hancks et al. 2015; Mozzi et al. 2015). In 
addition, mouse, chimpanzee, and macaque populations have been shown to 
harbor an extremely high level of polymorphism at OAS1 suggesting the action of 
balancing selection at this locus (Ferguson et al. 2012; Ferguson et al. 2008; 
Fish and Boissinot 2015).  
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The relationship between OAS1’s defensive role and its dynamic evolutionary 
history remains unknown. To bridge this gap in knowledge, we need to identify 
the adaptive advantages conferred by positively selected amino acids in OAS1. 
Here, we focus on the family Cercopithecidae, the Old World monkeys (OWM) to 
help uncover the functional mechanisms underlying OAS1 evolution. We 
performed the most detailed characterization of positively selected sites in 
primates, using a combination of evolutionary tests of selection and in silico 
analysis of OAS1 structural models. 
 
MATERIALS AND METHODS 
 
Genomic Samples and Sequencing 
 
For fifteen primates species, full OAS1 coding sequences were obtained by 
amplification of each of the 6 exons using intron-targeted primers. Four additional 
species’ OAS1 exonic sequences were obtained from Genbank. The amplicons 
were directly sequenced in both directions at the University of Washington 
Seattle High Throughput Genomics Unit. Heterozygote base calls were made 
using the heterozygotes plugin in Geneious Pro 7.1.9 (www.geneious.com) and 
confirmed by visual observation of the chromatograms. Reads were assembled 
and aligned to human and macaque reference sequences using the CLUSTALW 
alignment method implemented in Geneious Pro. Alignments corresponding to 
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the two most common isoforms inferred from known primate cDNA sequences 
were generated. Isoform 5i2 encompasses 364 amino acids and includes the 
longest readthrough of exons one to five. Isoform 6i1 contains a shorter fifth exon 
and extends through exon six to a length of 400 amino acids. All analyses were 
performed for both isoforms. 
 
Molecular Evolutionary Analyses 
  
We first calculated the ratios of non-synonymous to synonymous substitution 
dN/dS, which is an estimator of the type of selection acting on a gene. A value of 
dN/dS <1 indicates that mutations coding for amino acid replacements are 
removed by negative or purifying selection faster than synonymous, putatively 
neutral, mutations. A value >1 indicates that non-synonymous changes reach 
fixation at a faster rate than synonymous mutations and is indicative of positive 
selection. A value of 1 indicates that mutations at non-synonymous and 
synonymous sites are of the same fitness, a case of neutral evolution. dN/dS 
values for each species pair were calculated using the SELECTON 
(http://selecton.tau.ac.il/index.html) and SNAP (http://www.hiv.lanl.gov/content-
/sequence/SNAP/SNAP.html) servers. The HYPHY-SLAC module was used to 
calculate the average dN/dS separately for the enzyme active domain, the RNA-
binding domain, and the remaining uncategorized sites. The domains were 
defined based on the most recent OAS1 crystal structure analyses by Donovan 
et al. (2012) and Lohofener et al. (2015). 
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Because any region of a protein contains a mixture of neutral, positively and 
negatively selected sites, we used several methods that detect specific sites 
under positive selection. Several programs included in the HYPHY suite (and 
implemented in datamonkey.org (Delport et al. 2010a)) were used including 
random effects likelihood REL (Kosakovsky Pond and Frost 2005), mixed effects 
model evolution MEME (Murrell et al. 2012), and TOGGLE (Delport et al. 2008). 
REL models variation of selective pressures at each individual codon and 
compares this to the observed variation. MEME differs from REL primarily in that 
it allows for different selective pressure among lineages at the same site, which 
can help identify a history of episodic or species-specific selection acting on a 
codon; MEME can be especially conservative given relatively low synonymous 
divergence, which is the case for the animals included. A subset of selected 
mutations that can be difficult to detect are those that alternate between a single 
conserved residue and a distinct escape mutation. The program TOGGLE tests 
for this by modeling each sense codon followed by non-synonymous mutation 
and then reversion mutation. Posterior probabilities for REL and MEME are 
calculated by comparing Bayes factors between positively selected site models 
and negatively selected (null) site models. For all applicable analyses, we used 
the HKY85 model of mutation (Hasegawa et al. 1985), found to best fit the 
observed codon evolution as determined by the codon model selection tool CMS 
(Delport et al. 2010b). 
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A complementary set of selection tests provided by the SELECTON server  
incorporates a user-provided phylogeny. We used the generally accepted 
primate phylogenetic tree based on (Perelman et al. 2011). We ran three models: 
the M8 positive selection model, which restricts dN/dS sample values to either >1 
or ≤1 for each site; the M5 model, for which we used eight grades (bins) 
distributed across negative, neutral and positive selective forces; and the 
mechanistic empirical combination (MEC) model (Yang 1997), which takes into 
account the severity and probability of each residue change, encoded in the 
WAG  matrix (Whelan and Goldman 2001), for which we also used an eight-bin 
distribution; MEC can be especially conservative when substitutions represent 
escape mutations. M8 and MEC are statistically validated using likelihood ratio 
test vs. M8a null model. The dN/dS estimates are given confidence interval 
scores; for positively selected sites, we only included sites with >95% prior 
probability.  
 
In order to confirm ancestral codons, we implemented Datamonkey’s ancestral 
sequence reconstruction (ACS) program, which uses maximum likelihood tree 
reconstructions to infer ancestral codons. To make gene trees, we used the 
MrBayes plugin (codon model: HKY85. outgroup: human) within Geneious Pro 
7.1. The programs PolyPhen-2 (Adzhubei et al. 2010), SWISS-MODEL 
(swissmodel.expasy.org), and PyMOL v. 1.7 were used as published previously 
(Fish and Boissinot 2015). In addition to hOAS1 (PDB ID:4IG8), the new porcine 
crystal structures (PDB IDs: 4RWN–Q) were also used  for active site 
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visualization because this structure set includes the holo, pre-reactive, and 
pseudo-reactive states allowing for rough simulation of active enzyme 
reconfiguration. 
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RESULTS 
 
We generated a dataset of 15 novel OAS1 sequences and combined them with 4 
sequences available in GenBank, thus the dataset analyzed here is comprised of 
19 sequences representing 11 OWM genera (figure 2.1). The number of 
heterozygote positions varies substantially among species, from 0 in patas 
monkey and sooty mangabey to 8 in proboscis monkey and stumptail macaque. 
Many of these polymorphisms likely correspond to private changes and it is thus 
appropriate for the purpose of our analysis to ignore these unique 
polymorphisms. The Golden snubnose monkey, patas monkey and stumptail 
macaque OAS1 sequences contained in-frame insertions of 1 or 2 codons and 
the patas’ contains a deletion consisting of an internal 35-codon in-frame loss 
within exon six, which maintains carboxy terminal –CTIL, a conserved motif 
implicated in posttranslational modification and localization (Maurer-Stroh and 
Eisenhaber 2005).  
 
Incomplete lineage sorting, introgression, or recombination (within or between 
loci) can significantly affect the outcome of tests of selection. These concerns are 
particularly pertinent for OAS1 due to known examples of balancing selection, 
introgression and the presence of adjacent OAS paralogs (Mendez et al. 2012; 
Mendez et al. 2013). To rule out these contingencies, we first generated a gene 
tree using the nineteen OAS1 coding sequences (figure 2.2). The phylogeny for 
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OAS1 is consistent with the accepted phylogeny at the genus level (Perelman et 
al. 2011), suggesting that long-term balancing selection or introgression have not 
significantly distorted the evolution of OAS1 in OWM. The only exception to this 
rule is found in the stumptail macaque. This species contains two divergent 
alleles, one branching with other macaque sequences and one with the 
mangabeys. This could very well represent another case of long-term balancing 
selection at this locus, but will require validation with a larger sample from this 
species. Running selection tests both with and without stumptail macaque yields 
the same set of positively selected sites. We also examined the possibility of 
recombination between OAS1 and its highly divergent paralogs (OAS2 and 
OAS3) and we did not find any evidence for inter-locus recombination. Finally, 
BLAST searches of available primate genomes elicited no evidence of additional 
duplications of OAS1, as reported in rodents and cetartiodactyls. 
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Tests of Positive Selection  
 
We first calculated the ratio dN/dS, between each species and its 18 orthologous 
OAS1 coding sequences (figure 2.3). The values of dN/dS are elevated, with the 
vast majority being over 0.5 and 47% of the values being higher than 1, which is 
remarkable for a protein-coding gene. The average dN/dS across all species is 
1.08, with species’ averages ranging from 0.86 to 1.55. The OWM average 
dN/dS being 1.08 implies that overall, cercopithecid OAS1 is either evolving 
neutrally or that it contains some sites evolving under purifying selection 
(dN/dS<1) while others are evolving under positive selection (dN/dS>1). Domain-
level dN/dS calculation was next performed to resolve this question. 
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Figure 2.3  Measures of OAS1 nonsynonymous to synonymous substitution 
rate (dN/dS) between each pair of nineteen OWM species. 
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We divided each OWM OAS1 coding sequence into active domain, RNA-binding 
domain, and uncategorized regions and calculated dN/dS for each. The average 
dN/dS value of the active domain is 0.35, well under a neutral value of 1.0, 
consistent with a history of strong purifying selection. The uncategorized regions 
are comprised of a blend of purely structural sites and those yet uncharacterized 
(presumably a mixture of sites under varying degrees of selective pressure) with 
an average dN/dS of 0.68. In contrast, the average dN/dS in the RNA-binding 
domain is 1.58, which is suggestive of the action positive directional selection. 
 
Lastly, we ran tests of selection at the codon level, the results of which are 
summarized in figure 2.1. The subsequent analysis proceeds with those sites 
determined to have evolved under positive selection by SELECTON M8 and 
REL. An abundance of sites were identified as evolving under positive selection: 
31 of isoform 5i2 (8.1%) and 32 of isoform 6i1 (7.9%). Half of the selected sites 
shared between isoforms (1-346) fall within the RBD, which is significant since 
this region comprises only ~21% of the total coding sequence. The conservative 
tests MEME and MEC, perhaps indicating only those sites under the very 
strongest selective pressure, are included in figure 2.1 to emphasize the 
dominance of selection at the RNA binding domain. 
 
Protein Model Analysis: RNA-Binding Domain 
 
	   82	  
In order to compare the structure of OAS1 orthologous proteins and to visualize 
the effects of amino acid changes on structure, we created in silico protein 
models for each species with SWISS-MODEL. With few exceptions (discussed 
below), orthologs did not show any evidence of compromised secondary or 
higher order structure nor significant electrostatic surface changes. Given the 
high sequence similarity with solved human OAS1  (~94%) and the predicted 
quality of these models, we progressed to scrutinizing each positively selected 
site of interest. We first focused on the RBD because of the overrepresentation of 
selected sites identified there and because this is the physical location of virus 
sensing.  
 
Solved OAS1:RNA structures show the docked A-form dsRNA along the length 
of the long electropositive channel, spanning two minor grooves. The global 
topology and predominant electropositive character described in the solved 
structure is conserved in all ortholog models. Fourteen sites under positive 
selection in OWM lie on the RBD surface and seven of these contribute direct 
bonds to RNA (figure 2.4, figure 2.1). These selected sites are unevenly 
distributed with the majority (9 out of 14) of them falling to one side of the RBD, 
the portion of the RBD associated with minor groove 1 (RBDmg1). In contrast, only 
five positively selected sites and only two with direct RNA bonds, are found in the 
protein region associated with RNA’s minor groove 2 (RBDmg2).  
	   83	   
	   84	  
 
 
 
	   85	  
The RNA sequence that optimally activates human OAS1 is of consensus 
N3N4W5W6N7-15W16G17N18 (Kodym et al. 2009; enumeration per 4IG8; W=A/U). 
This sequence docks and activates porcine OAS1 in a homologous manner, 
though activation is several degrees of magnitude weaker (Kodym et al. 2009; 
Lohofener et al. 2015). The bases in closest contact with RBDmg1 are W5W6, and 
with RBDmg2, W16G17 (see figure 2.4C). These contacts are presumably the 
reason for the sequence specificity of the consensus. Although it is unknown if 
these precise bases are equally important for OWM, we can be confident about 
dsRNA orientation and the equivalence of the surface residues responsible for 
bonding docked ligand. The RBDmg1 includes five positively selected sites (24, 
28, 200, 247 and 248) in proximity (< 8.0 Å from nearest ribose carbon) of W5W6. 
In contrast, RBDmg2 includes only residues 196 and 54 with substitutions near (< 
8.2 Å from nearest ribose carbon) W16G17 under selection. Herein we analyze 
each of the positively selected residues within the RBD with a focus on their 
predicted and potential influence on RNA docking. 
 
Upon ligand binding and reconformation, helix N3 residues 24, 25, 28 and 31 
shift considerably, between 5.6 and 8.4 Å, including a ~20˚ rotation around the 
helix. Residues 24, 28, and 31 each participate in direct bonding of docked RNA. 
Selected residue Arg/His25 lends its electrostatic profile to the apo state protein 
aiding in initial docking but becomes oriented ~90˚ away from the activator in the 
holoenzyme. The derived His replacement may only reflect indirect effects on 
binding via neighboring residues. Ancestral residues Thr24 and Asn31 form 
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hydrogen bonds with the RNA spine in the majority of OWM models; common 
electropositive replacements Lys/Arg24 and Lys/His31 are predicted to do the 
same, but also appreciably shift local electrostatics. Both replacements at 
residue 24 receive probably damaging (0.99) ratings from PolyPhen-2, yet we do 
not believe these changes to be deleterious because Lys and Arg are common at 
this position in chimpanzee and other modern primate populations (Ferguson et 
al. 2012; Fish and Boissinot 2015). These derived amino acids with large side 
groups overstretch the backbone and are equally capable of interaction with 
ribose or phosphate groups. With a minimum distance of 5.5 Å from Lys/Arg24 to 
the nearest nitrogenous base (U6), formation of a direct base-sensing bond is 
unlikely. Both colobus sequences, which harbor His at position 31, show steric 
clashing with the backbone at U14 in any rotamer orientation. We speculate that 
this could be an example of lineage-specific adaptation to RNA with structural 
variations (ex. imperfect helical spine); the His replacement effectively rescuing 
any torsion via an increase in local electropositive character, aiding electrostatic 
attraction. The ancestral codon for residue 28 is either Thr or Met, but only Thr is 
capable of providing a hydrogen bond to the docked backbone. The Arg28 
substitution found only in Tanzanian colobus has a considerable positive 
electrostatic effect, able to bind either spine or sugar at U5, but not the 
nitrogenous base, at 5.1 Å away. The modeled substitutions do not predict a 
direct effect on ligand interaction, but they could easily influence the binding 
activity of neighboring residues. 
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Perhaps the residue that exhibits the most variation across primates is residue 
54, which has been shown to be under positive selection in human, chimpanzee, 
and gorilla as well as under balancing selection in chimpanzee and macaque. In 
OWM, ancestral Arg predominates followed in commonality by Cys and lastly His 
and Tyr. The latter two bulky side groups conflict with the backbone at terminal 
C18. This suggests that site 54 could play a decisive role in determining activator 
length. Its importance should also be stressed, as its succeeding residues (55-
68) are indelibly conserved throughout mammals, directly binding RNA and 
performing an integral role in conformational change. 
 
Part of the long linker beteween N and C lobes, our models place residues 161 
and 162 in a surface loop region too far from RNA to plausibly affect standard A-
form dsRNA docking. Amino acids 158 and 159 bind RNA at G18, but there is no 
plausible way, even indirectly, for the replacements at 161 and 162 to have an 
effect on the binding activity of their neighboring amino acids. Despite this, an 
intriguing study showed that dsRNA with a 3’ pyrimidine overhang (such as that 
found in adenoviral RNA) required residue Gly157 for optimal activation (Vachon 
et al. 2015). This suggests that this surface loop, β5-C1, plays an important role 
in binding divergent forms of dsRNA.  
 
Selected site 196 belongs to a region of crucial importance because neighbor 
Arg195 plays a key role in active site restructuring. The mutation from Asp196 
mutation to Asn is most likely a conservative one and it is not predicted to affect 
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enzyme structure. The nearest side group is 5.6 Å from the backbone and the 
change in surface electrostatics is predicted to be trivial due to the overwhelming 
density of surrounding electropositive side groups in the central RBD. In addition, 
human (Arg-Asn) solved OAS1 displays Arg dedicated to the RNA backbone, so 
an electronegatively weaker neighboring sidegroup replacement would unlikely 
interfere.  
 
Ancestral Gln200 participates in hydrogen bonding with the RNA backbone at G8. 
Arg substitution here provides the same bond, but this adaptation bestows the 
distinct capability of hydrogen-bonding ribose or probing G8 and A9 for 
nucleobase identity. Without taking into account the flexibility of the linker to 
which Arg200 belongs, the nearest Arg rotamer places its distal guanidinium 
nitrogens 3.7 and 4.2 Å from C8 of A9 and G8, respectively. If either of these were 
purines instead, the (proximal) keto group would protrude and promote hydrogen 
bonding more easily than pyrimidine N3. Surprisingly, a Pro substitution is 
observed in the douc monkey, rated possibly damaging (0.77), perhaps correctly, 
since it proscribes RNA binding altogether. 
 
The linker between helices C5 and C6 is evolving remarkably rapidly in OWM. 
Located near the ends of these helices are positively selected mutations 
Arg242Gln and Gln253Arg. Site 245 is quite variable and can be occupied by a 
small set of disparate side groups- Met, Thr and Arg. Ortholog models indicate 
no notable protein alterations and the distance from the RBD is too far to 
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plausibly affect docking. But this cluster of sites is located at the end of RBDmg1 in 
a region analogous to linker β5-αC1 (discussed above). In this case, adaptation 
involving a 5’ overhang extending from G1 across this region could explain the 
elevated rate of evolution in this region. 
 
Ancestral Thr247 donates a hydrogen bond to the phosphate spine at A6. 
Derived Asn can follow suit or easily hydrogen bond ribose. The derived Arg247, 
present in seven species, overstretches the spine, and is easily able to hydrogen 
bond with the sugar or nitrogenous base (at 2.6 Å from C8 of A6). Akin to Arg200 
replacement, Arg here may favor a pyrimidine hydrogen bond acceptor over a 
purine. Neighboring residue Asp248, located at the end of minor groove 1, is 
interesting because a BLAST search indicates that it is most often encoded as a 
negatively changed R group while it essentially abuts the phosphate spine. The 
one replacement in OWM is Tyr, which can donate its hydroxy hydrogen to a 
backbone phosphate, but the models predict likely steric conflict. As was the 
case for analogous residue 54, this location at the end of the RBD may well play 
a role in governing activator size preference. Presumably, most activators are 
longer than the 18bp model and a large aromatic like tyrosine could readily clash 
with an extension. The only residue in this region for which PolyPhen-2 predicts 
problematic mutations is 247 for which glycine is deemed probably- (0.96) and 
arginine is deemed possibly damaging (0.66). This may be the case for Gly247, 
only found in Tanzanian colobus, as it entails complete loss of ancestral 
threonine’s backbone binding.  
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Active Site Entry Evolution 
 
Garnering importance because of their potential relationship to essential enzyme-
substrate complex formation and adenylate production, five positively selected 
amino acids circumscribe the entrance to the active site: 126, 131, 181, 313, and 
314 (figure 2.5). Residue 131 sits quite near (4.9 Å) to Mg2+-coordinating Asp148 
while the other four are distant from the catalytic core.  
 
Between strands β3 and β4, the loop containing residues 126 and 131 exhibits a 
highly dynamic structure, changing conformation significantly between each 
enzyme complex stage (apo > RNA-docking > donor binding > acceptor binding). 
Amino acid 126 is predicted to relocate 12.6 Å (19.3 Å as measured from carbon 
6), positioned above the acceptor substrate within 2.2 Å of its beta phosphate 
group (figure 2.6). Here, ancestral Trp appears to interfere with reactant entrance 
and product exit. Interestingly though, the residue is predicted to withdraw upon 
product disengagement. In this way, OAS1 alleles featuring Trp126 show a 
preference for ATP as acceptor because longer acceptors could conflict with the 
bulky side group in the reactive state. Arg126 replacement found in three OWM 
species relocates essentially the same way, but the pliancy of the Arg group and 
increased distance from acceptor (4.5 Å) could allow for increased affinity for 
longer acceptors. 
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Olive baboon and patas monkey display the positively selected Ala131Val 
mutation, which produces a trivial topological change near acceptor C’5, but this 
causes no steric interference or other perturbation. Neighboring Arg130 is 
identified as the only side group that binds the acceptor substrate, yet 
experimental loss of this bond only reduced activity by 38% vs. wild type 
(Lohofener et al. 2015). Therefore Val131 replacement probably would not affect 
synthesis by interfering with residue 130 either. Also notable in this region, the 
golden snubnose monkey has a single codon insertion (corresponding to an Arg) 
after Arg130 that extends the β3-β4 loop. When catalytic core residue 
orientations are held stable in models, this insert creates a tight kink in the loop, 
pushing the insertion behind the beta sheet, which is quite possibly detrimental to 
higher order intramolecular structure. Alternatively, these two Args could bulge 
out into the acceptor region, likely obstructing synthesis. 
 
Positively selected site 181 occurs predominantly as Gln in OWM, but is also 
represented with Arg or Lys. Residue 181 caps helix C1, positioned above the 
acceptor seat. Arginine replacement would unlikely interact with a monomeric or 
dimeric acceptor upon docking, but could influence binding of longer substrates. 
The orientation and binding side groups (if any) of longer acceptors is unknown. 
Lys181, exclusive to golden snubnose monkey, has the unique potential of ionic 
interaction with Asp127 from this species’ elongated β3-β4 loop. This could 
provide reorientation of its longer loop further from the active site, rescuing the 
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crowding effect of the precarious Arg130 insertion. More intriguing at this helical 
corner is the density of mutated sites in line with 181: 166, 172 (variable, but not 
necessarily under positive selection), 175, and 179. These variable residues run 
along the length of helix C1 from one side of the enzyme to the opposite side 
(figure 2.7). This helix has not been characterized to have particular non-
structural function, so this array of selected sites is more suggestive of escape 
mutations that maintain structure while averting allosteric antagonism. 
 
Sites 313 and 314, located in helix C8, are among the most variable one in 
OWM, each being occupied by four different amino acids (Pro, Thr, Ser, Arg at 
position 313 and Lys, Met, Thr, Asn at position 314). Modeled replacements of 
the ancestral Pro313 and Lys314 do not indicate structural change in any models 
except for Asn314, which is part of an insertion found only in golden snubnose 
monkey. Met314 substitution receives a PolyPhen-2 score of 0.76, possibly 
damaging. Like 181, mutations at these sites would not interfere with ATP or a 
diadenylate acceptor, but may affect longer substrates. The most remarkable 
observation here might be the diversity represented by the side groups. They 
each represent unique mutations from the ancestral state, yet without evidence 
of replacement constraint or preference. This suggests that these are most likely 
escape mutations in which the strongest fitness advantage of the new amino acid 
is to be different from the ancestral state in order to best counteract antagonist 
binding. Golden snubnose monkey has an insertion that has changed Met314 to 
Asn followed by Leu-Gly addition. This mutation is predicted to terminate helix C8 
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two residues earlier and create a superficially extended loop-turn. This, like most 
insertions we have found, significantly alters topology at its surface loops. This 
insertion is not very likely to affect OAS1 intramolecular architecture, but would 
greatly compromise intermolecular binding at the region such as that required by 
antagonists. 
 
DISCUSSION 
 
Evolutionary analysis of the OAS1 gene in 19 OWM reveals the signatures of 
positive selection at 35 amino acid sites (~8% of total) with an overabundance of 
these sites falling within the region of the virus sensing interface, the RBD. These 
data corroborate recent findings of elevated positive selection in OAS1 across 
Primates (Hancks et al. 2015; Mozzi et al. 2015). Comparative protein modeling 
reveals new patterns in OAS1 evolution including a concentration of rapid 
evolution in one subdomain of the RBD, minor groove 1, as well as a cluster of 
selected sites around the active site entrance. The rapid evolution observed in 
these regions is highly suggestive of a history of virus-mediated pressures on the 
gene. Mutations granting an advantage in efficient virus sensing and downstream 
signaling could have led to rapid amino acid replacement throughout Old World 
monkeys at the RBD, whereas changes at the opening to the active site could 
have been in response to antagonism by viral products for optimal regulation of 
oligomer synthesis. Overall, this analysis strongly indicates that the primary 
driving force behind the evolution of OAS1 is viral in nature and that this force is 
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relatively consistent over time and across diverse primate lineages. The many 
divergent sites, evolving at faster rates than background (between-species) 
divergence being ultimately due to different multi-viral landscapes affecting the 
radiating lineages. 
 
Positive	  selection	  and	  balancing	  selection	  
	  
We noticed that many of the positively selected changes were identical to 
polymorphisms previously identified in macaque and central chimpanzee (figure 
2.1). Within the first five exons, 14 of the 28 positively selected loci are 
polymorphic in either macaque or chimpanzee (Ferguson et al. 2012; Fish and 
Boissinot 2015). Amazingly, five of these loci are polymorphic in both of these 
groups and the variations observed are identical. For example, OAS1 residue 
126 is found with allelic variants Trp/Arg in macaque and chimp while the same 
residue occurs exclusively as Trp/Arg across OWM. Additionally, when looking at 
the RBD in particular, 10 of the 14 positively selected sites (in OWM) are 
balanced polymorphisms in macaque and chimpanzee. This high degree of 
overlapping sites under both balancing and directional selective pressures is 
surprising but coherent. The adaptive advantage that a heterozygote has in 
producing two different viral sensors from one gene given a vast viral landscape 
is easily understood. Over millions of years, sister lineages will sort alleles 
(completely and incompletely), gain, lose and maintain novel polymorphisms that 
provide selective advantage to innumerable pathogens. Given this narrative, a 
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contemporary snapshot of the OAS1 gene should reveal balanced polymorphism 
at the population level while a broad survey of species’ coding sequences should 
exhibit variation like we see here. 
 
Concentration	  of	  mutation	  in	  minor	  grove	  1	  of	  the	  RBD	  
 
We describe fourteen residues with strong signatures of positive selection within 
the RNA binding domain. Models reveal that the majority of these are distributed 
in one region, RBDmg1, which corresponds with minor groove I of docked dsRNA. 
Five of these selected sites participate in direct bonding with a nucleic acid 
activator. Ortholog models demonstrate that RBDmg1 nucleobases A6, G8, and A9 
are each potential targets for sequence-specific recognition. In RBDmg1, we see 
Arg or Lys replacing Thr24, Arg replacing Gln200, and Arg or Asn replacing 
Thr247. Each of these sites represents an ancestral polar side group taking part 
in hydrogen bonding with the RNA spine replaced by longer residues capable of 
more extensive bond formation with a sugar or base group. It should be noted 
that the ability of a particular amino acid to interact with a nucleobase may be just 
as significant as the inability of a different amino acid at that locus. Minor groove 
2 contains at least three nucleobases known to interact with side groups (U16, 
G17, and G18), yet those residues responsible for these bonds in RBDmg2 are not 
under positive selection. This supports the hypothesis that RBDmg1 has evolved a 
distinct faculty from RBDmg2. 
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Our analysis of OWM OAS1 structure suggests that RNA length could play a role 
in driving some of the adaptive changes in the RBD. The most distal amino acids 
that docked RNA can interact with according to solved OAS1::RNA are 54 and 
248. A subset of encoded residues at each of these sites clashes with the spine. 
These are not singular occurrences and we have no evidence that any of the 
genes studied here encode a dysfunctional enzyme. We instead propose that 
dsRNA length preference is regulated by these allelic variations. This also 
applies to whatever portion of a ssRNA molecule responsible for binding and 
activating OAS1. It is well known that the dsRNA length requirements vary 
between antiviral sensors. toll-like receptor 3 requires dsRNA ~45bp, protein 
kinase RNA-activates (PKR) requires dsRNA >30bp and OAS1 requires > 18bp 
and for each of these proteins, studies have shown that longer activators 
generally activate more strongly (Ghosh et al. 1997; Jelinek et al. 2011; Manche 
et al. 1992). A relationship between amino acid changes at OAS1 and the length 
of viral RNA is an intriguing possibility that will require experimental validation. 
This is especially of interest, as other OAS family members have shown 
preference based on activator length differences (Sarkar et al. 1999; Donovan et 
al. 2015).  
 
Naturally occurring viral RNA products known to activate OAS1 do not contain 
long stretches of Watson-Crick base pairs or bi-molecular dsRNA like those co-
crystalized with OAS1. For example, adenoviral VAI RNA and flaviriral 
untranslated regions (UTRs) are essential functional RNA molecules with largely 
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conserved (between viral species) multi-stem structures that include loops, 
bulges, wobble pairs and other departures from standard A-form dsRNA. OAS1 
interaction studies with these molecules have identified both regions of strong 
enzymatic stimulation and those of weak activation (Deo et al. 2014; Meng et al. 
2012; Vachon and Conn 2015). Because of the commonality and importance of 
imperfect viral RNA patterns, we should really expect to find exogenous RNA 
sensors capable of accommodating them. Unexpectedly, Vachon et al. (2015) 
found that a single-strand RNA overhang consistently augmented OAS1 activity 
apparently by way of interaction with a previously uncharacterized surface loop 
(2014). In this analysis, we find a cluster of positively selected residues in that 
same loop (β5-C1). Furthermore, we have identified an analogous cluster of 
selected sites on the opposite end of the RBD  in the C5-C6 loop positioned such 
that a 5’-ssRNA overhang would interact. These recent discoveries are beginning 
to shed light on the means by which OAS1’s RBD negotiates interaction with 
irregular nucleic acid patterns. 
 
Mutations in the RBD that bestow improved activation and therefore fitness in 
response to viruses will be positively selected for. Naturally, this process is 
complex, as the protein needs to maintain sufficient response to numerous 
pathogens while avoiding both endogenous activators and exogenous 
antagonists. Basically, because OAS1 is a pathogen sensor, the genetic conflict 
that has directed much of its evolution has chiefly put pressure on the interface 
between host and virus, namely the RBD. It appears that the RBD has 
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responded in an innovative manner by adapting RBDmg1 and RBDmg2. These 
subdomains can be seen as a reflection of the characteristics of activating 
ligands, where RBDmg1 is responsible for proficiently docking and responding to 
quickly mutating and divergent pathogen patterns, while RBDmg2 is charged with 
docking conserved exogenous motifs. Full support of this hypothesis will also 
require experimental validation. 
 
Numerous viral RNAs have been shown to block dsRNA sensing by innate 
immune sensors. For example, HIV TAR element and Epstein-Barr virus small 
RNAs, instead of activating PKR, antagonize it by inactively binding its RBD 
(Bevilacqua and Cech 1996; Langland et al. 2006; Maitra et al. 1994). Notably, 
this is also possible with OAS1 because there is little correlation between OAS1’s 
binding affinity and strength of response to particular RNA species (Deo et al. 
2014; Hartmann et al. 1998). Any virus that induces OAS1 activity is presumably 
already producing a form of dsRNA that can bind OAS1, so the most 
parsimonious means of developing an OAS1 antagonist would be through 
evolution of a strong-binder-weak-activator RNA. Given the excess of positive 
selection in the RBD along with the evidence that many of the replacements 
portray escape mutations, we posit that viral antagonism could be a major 
evolutionary force responsible for driving the evolution of this domain. 	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Selection	  for	  changes	  affecting	  the	  active	  site	  
 
The pattern of mutation near the active site suggests that a history of adaptive 
selection has taken place in response to antagonism by viral products or for 
regulation of oligomer synthesis. As mentioned above, while the simplest way a 
virus might prevent effective OAS1-mediated restriction would be by producing 
poorly activating dsRNA, this would be a competitive form of inhibition because 
other viral products could still activate. Far more potent would be an inhibitor that 
arrests OAS1 activity in a non-competitive fashion. The evolutionary pressure 
that this viral product would then have on the host gene would be severe; intense 
selective pressure begets a quickened rate of genetic change. Many key 
virulence factors fall in this category such as henipavirus V protein and influenza 
A NS1 protein, which inhibit members of the viral RNA sensor RIG-I-like receptor 
family, and vaccinia pE3 which antagonizes PKR’s substrate-binding region 
(Sharp et al. 1998; Zinzula and Tramontano 2013). We have identified a set of 
positively selected amino acids surrounding the active site passageway as likely 
targets for viral antagonism whose rapid replacement indicates escape mutations 
(figure 2.5). Though the path to the active site is not very narrow, measuring from 
17.2 Å to 20.5 Å between Trp126, Gln181, and Lys314, a relatively small peptide 
or other viral product capable of binding at or near these side groups could easily 
interfere with oligo synthesis. Four of these sites (and indeed most of the 
positively selected sites throughout the protein) are found in superficial loops 
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which exposes them as potential targets for viral proteases such as hepatitis C 
virus N3/4A, known to cleave antiviral MAVS protein (Gokhale et al. 2014). 	  
 
Comparative modeling of the orthologs encoding these amino acid substitutions 
also suggests they could affect the regulation of acceptor substrate size and that 
this could an adaptive advantage. Within the deep catalytic pocket, ATP binds at 
the donor-binding site followed by entry of acceptor substrate and lastly synthesis 
of the oligomer. The longer an acceptor is, the more opportunity it will have to 
interact, either positively or negatively, with shallower residues of the pocket such 
as those selected sites. Selection for amino acid replacements around this 
entryway is predicted to occur if fitness is related to the length of oligoadenylates 
synthesized. The human OAS1 produces short oligoadenylates, far less capable 
of activating RNase L compared with OAS2 and OAS3 products (Ibsen et al. 
2014; Marie et al. 1997; Morin et al. 2010; Rebouillat et al. 1999). OAS1 gaining 
or losing the ability to directly signal this pathway would be significant. 
Furthermore, oligoadenylate length is important because viruses encode proteins 
known to sequester or degrade OAS products (Sanchez and Mohr 2007). 
Trp126’s replacement arginine is a departure from the considerable steric effects 
of ancestral tryptophan in the β3-β4 linker (figure 2.6). With this change, the 
acceptor-binding site becomes open to larger substrates. Contrarily, in golden 
snubnose monkey, the acquisition of even more length to this linker may provide 
further elevated preference for production of short oligos. Some evidence for 
correlation of linker length to product size is that in both OAS2 and OAS3, which 
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produce longer products, a two-residue deletion has taken place in their 
analogous loops. OAS1 may have evolved enhanced synthesis of longer oligos 
(perhaps even transiently) in species with these divergent forms that could 
translate to stronger RNase L response (Lim et al. 2009). Of course, we should 
not expect this to be advantageous for all species, as it may entail a sort of 
oversensitive OAS-RNase L pathway prone to unnecessary reactivity. Structural 
study of hOAS3 has just revealed specialization in binding long dsRNA, perhaps 
the reason for its very high degree of conservation in primates (Donovan et al. 
2015). Future research will elucidate the distinct roles and coordinate 
relationships within the OAS protein family, a necessary step towards practical 
understanding and application of antiviral interventions. 
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OAS1 GENE FAMILY IN CETARTIODACTYLS 
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INTRODUCTION 
 
In the previous two chapters, I have demonstrated that the evolution of the OAS1 
enzyme has been shaped by the interactions between OAS1 and viral 
pathogens. This arms race between viruses and OAS1 has resulted in a rapid 
evolution of the RNA-binding domain of OAS1 and the long-term persistence of 
polymorphisms at this locus.  In two groups of mammals, rodents and 
cetartiodactyls, OAS1 has experienced several rounds of duplication, resulting in 
expanded OAS1 gene families.  
 
In mouse and rat, the Oas1 cluster consists of 10 copies including 8 functional 
copies and 2 pseudogenes and in cow 3 OAS1 copies (named OAS1 X, Y and Z) 
have been detected. In mouse, the 8 functional copies (named Oas1a to Oas1j) 
seem to have diversified functionally to a great extent (Kakuta et al. 2002; 
Perelygin et al. 2006). The promoter regions of Oas1 genes have diverged 
particularly rapidly, resulting in different expression profiles for each paralog 
(Mashimo et al. 2003). Interestingly, only 2 of the 8 expressed enzymes have 
retained 2-5A synthetase activity and are broadly expressed (Kakuta et al. 2002; 
Mashimo et al. 2003). This intriguing set of changes accompanying and 
succeeding OAS1 expansion in rodents sets a good precedent for us to learn 
much through the study of cetartiodactlys.  
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Cetartiodactyls (fig. 3.1), or even-toed ungulates, is an order of mammals 
comprised of 290 species distributed across the globe (Price et al. 2005). They 
include many species of great economic and cultural significance such as cattle, 
goat, camel, pig, whales and dolphins. Due to their importance, it is necessary to 
fully understand the mechanisms of resistance to viral pathogens in this group. 
Domestic artiodactyls can suffer from viral infections, which sometimes leads to 
severe economic consequences. Additionally, most are also carriers or reservoirs 
for viruses of importance to human health such as influenza and several 
hemorrhagic fever viruses (McDaniel et al. 2014). For these reasons we decided 
to examine the evolution of the antiviral OAS1 gene family in this group. 
	  111	  
	  112	  
 
A
ni
m
al
Li
nn
an
ea
n
G
en
e
A
cc
es
si
on
 #
Lo
ca
ti
on
B
ac
tr
ia
n 
C
am
el
C
am
el
us
 b
ac
tr
ia
nu
s
O
A
S
1 
a
X
M
_0
10
96
96
08
.1
N
W
_0
11
51
74
99
.1
O
A
S
1 
b
X
M
_0
10
97
04
14
.1
N
W
_0
11
50
98
86
.1
D
ro
m
ed
ar
y
C
am
el
us
 d
ro
m
ed
ar
iu
s
O
A
S
1 
a
X
M
_0
10
99
58
33
.1
N
W
_0
11
59
21
64
.1
O
A
S
1 
b
X
M
_0
10
99
58
34
.1
 &
 X
M
_0
10
99
52
44
.1
N
W
_0
11
59
21
64
.1
 &
 N
W
_0
11
59
20
68
.1
Pi
g
S
us
 s
cr
of
a
O
A
S
1 
X
A
J2
25
09
0.
1 
/ 
N
M
_2
14
30
3.
1*
N
C
_0
10
45
6.
4
O
A
S
1 
Y
X
M
_0
05
67
06
95
.2
N
C
_0
10
45
6.
4
S
pe
rm
 W
ha
le
Ph
ys
et
er
 c
at
od
on
O
A
S
1 
A
X
R
_4
47
55
3.
1
N
W
_0
06
71
31
86
.1
O
A
S
1 
B
X
M
_0
07
10
46
48
.1
N
W
_0
06
71
31
86
.1
M
in
ke
 W
ha
le
B
al
ae
no
pt
er
a 
ac
ut
or
os
tr
at
a
O
A
S
1 
A
X
M
_0
07
17
08
87
.1
N
W
_0
06
72
56
87
.1
O
A
S
1 
B
X
M
_0
07
17
08
86
.1
N
W
_0
06
72
56
87
.1
C
hi
ru
Pa
nt
ho
lo
ps
 h
od
gs
on
i
O
A
S
1 
X
X
R
_3
18
68
7.
1
N
W
_0
05
81
01
69
.1
O
A
S
1 
Y
X
R
_3
18
68
6.
1
N
W
_0
05
81
01
69
.1
O
A
S
1 
Z
X
M
_0
05
96
19
89
.1
N
W
_0
05
81
01
69
.1
G
oa
t
C
ap
ra
 h
ir
cu
s
O
A
S
1 
X
 (
O
A
S
1 
E)
X
M
_0
05
70
96
22
.2
N
C
_0
22
30
9.
1
O
A
S
1 
Y 
(a
ka
 F
)
X
M
_0
05
69
14
88
.2
N
C
_0
22
30
9.
1
O
A
S
1 
Z
 (
O
A
S
1 
D
1,
 D
2)
X
M
_0
13
97
06
82
.1
N
C
_0
22
30
9.
1
O
A
S
1 
G
 (
O
A
S
1 
Y?
)
X
M
_0
05
70
18
70
.2
N
W
_0
05
10
28
09
.1
S
he
ep
O
vi
s 
ar
ie
s
O
A
S
1 
Y 
(O
A
S
1 
H
2)
X
M
_0
12
09
78
80
.1
N
C
_0
19
47
4.
2
O
A
S
1 
Z
 (
O
A
S
1 
H
1)
X
M
_0
12
09
78
82
.1
N
C
_0
19
47
4.
2
C
at
tl
e
B
os
 t
au
ru
s
O
A
S
1 
X
N
M
_1
78
10
8.
2
A
C
_0
00
17
4.
1
O
A
S
1 
Y
N
M
_0
01
04
06
06
.1
A
C
_0
00
17
4.
1
O
A
S
1 
Z
N
M
_0
01
02
98
46
.1
A
C
_0
00
17
4.
1
Ya
k
B
os
 g
ru
nn
ie
ns
 
O
A
S
1 
X
X
M
_0
05
90
47
27
.2
 (
ri
gh
t 
ha
lf
)
N
W
_0
05
39
49
21
.1
O
A
S
1 
Y
X
M
_0
14
48
11
29
.1
N
W
_0
05
39
49
21
.1
O
A
S
1 
Z
X
M
_0
05
90
47
27
.2
 (
le
ft
 h
al
f)
N
W
_0
05
39
49
21
.1
* 
Th
is
 t
ra
ns
cr
ip
t 
re
fe
re
nc
es
 b
ac
k 
to
 t
he
 s
am
e 
ge
no
m
ic
 lo
cu
s 
as
 O
A
S
1 
Y.
 W
e 
ar
e 
us
in
g 
Pe
re
ly
gi
n 
et
 a
l. 
20
06
 d
ep
os
it
 a
nd
 n
om
en
cl
at
ur
e 
fo
r 
pi
g.
Ta
bl
e 
3.
1
S
pe
ci
es
 s
um
m
ar
y 
lis
t a
nd
 a
cc
es
si
on
 in
fo
rm
at
io
n 
fo
r D
N
A 
se
qu
en
ce
 d
at
a.
 
	  113	  
MATERIALS AND METHODS 
 
Coding Sequence Collection and Alignment 
All sequences were obtained from GenBank (www.ncbi.nlm.nih.gov) except 
bowhead whale, used in preliminary analysis, which was obtained from 
bowhead-whale.org (database: bowhead_greenland_transcriptome). Alignments 
were prepared and visually inspected in Geneious Pro 7.1.9 with the same 
parameters as in previous chapters. Amino acid enumeration is per alignment 
including cattle, sperm whale, minke whale, domestic goat, domestic pig, and 
dromedary. Secondary structural elements are named according to the recent 
porcine crystal structure paper (Lohofener et al. 2015).  
 
dN/dS Measurements and Tests of Positive Selection 
Computational tools for selective pressure and evolutionary modeling used were 
identical to those used in the preceding chapter. We note here that some 
preliminary and late-stage supporting studies were done with different 
cetartiodactyl datasets (see table 3.1). Protein structure modeling and 
comparative visualization tools used were also the same. 
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RESULTS 
Phylogenetic History of OAS1 in Cetartiodactyls 
 
In all species for which good quality, transcript-supported genomic data is 
available, we identified either two or three OAS1 paralogs (table 3.1). After 
aligning representative coding sequences, we performed phylogenetic analysis 
using this alignment (fig. 3.2). This first analysis suggested that duplication 
events of OAS1 occurred independently in multiple cetartiodactyl lineages 
because OAS1 genes in pig and in camelids form clades according to species. 
Also, OAS1 X, Y and Z form distinct clades, suggesting that the duplication 
events leading to these three copies occurred before the Bovidae (cow, yak, 
sheep, goat, chiru) radiation and possibly before the split between cetaceans and 
bovidae. However, the recombination detection approach implemented in 
Geneious strongly indicated that the best-supported topology differed among 
exons. Thus, we constructed phylogenetic trees for each exon independently (fig. 
3.3). This analysis revealed different topologies, indicating long histories of gene 
conversion that have drastically distorted the evolution of OAS1 paralogs. For 
instance, the tree based on exon 5 reveals an ancient duplication corresponding 
to the split between the X and Y bovid paralogs. On this tree, the two camels’ 
paralogs branch in different clades and do not form a monophyletic group, 
suggesting that the two camel OAS1 genes are older than the split between 
camels, bovids and cetaceans. Thus the first event of duplication of OAS1 is 
older than the origin of cetartiodactyls and subsequent events of gene conversion 
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have homogenized the OAS1 copies within families or within species. This is 
again apparent for the camels, since all OAS1 copies form a clade in the trees 
built for exons 1 through 4.  The same conclusion can be reached for the pig 
OAS1 duplicates, which also form pig-specific clades for exons 1 to 4 but not for 
exon 5.  
 
Within bovids, we can also see extensive exchange of genetic information 
between the X, Y and Z copies. This is apparent when comparing trees of exon 1 
or exon 2 to the trees built from exons 4 or 5. The two exons at 3’ show a 
strongly supported clade formed by OAS1 X and Z. In exons 1 and 2, it is OAS1 
X and Y that appear more closely related. This pattern is best explained by an 
exchange of exons via recombination between copies, resulting in the conflicting 
phylogenies observed here.  
 
The exchange of genetic information has also had a homogenizing effect 
resulting in species-specific clades, particularly in exon 2 where the three goat 
copies form a clade and copies X and Y of the yak branch together. Recent gene 
conversion events have resulted in the complete homogenization of sequences 
in some exons, such as exon 1 of the yak where paralogs X and Y are identical. 
Similarly, the sheep H1 gene branches with the yak and cow OAS1 Z in exon 1 
but is identical to its paralog H2 in exons 2 to 5. This suggests that copy H1 is a 
Z paralog, which was homogenized to H2, a Y ortholog, over most of its length by 
gene conversion. 
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In contrast, the two OAS1 paralogs in cetaceans have not experienced gene 
conversion in the same way as in other cetartiodactyls. In cetaceans, exons 1, 2 
and 5 have retained the signature of the ancient gene duplication because copies 
A and B are not found branched together. In contrast, the two central exons, 
exons 3 and 4, are remarkably similar comparatively to the most distal exons, 
suggesting they have been homogenized by gene conversion.  
  
We lastly created an abridged 5th exon tree including only the most densely 
divergent residues, 313-349 (fig. 3.4). This yields a tree with two fully distinct 
branches corresponding to the presumptive initial duplication event followed by 
each gene’s descendants. Indeed, it can always be presumed that contemporary 
genes were the result of gene duplication in part or in whole, but what this tree 
illustrates is that the sequences present at the carboxy termini are the most 
distinctive features of each OAS1 family member. In order to better understand 
the significance of these and other fixed differences found between paralogs, we 
performed detailed pairwise sequence analysis and structural modeling of the 
cetartiodactyl OAS1 family. 
 
The mixture of divergence and conversion between OAS1 paralogs can help 
highlight the regions that have been under the strongest selective pressures. The 
maintenance of divergent mutations in the face of frequent conversion events 
can be seen as a testament to the significance of the encoded amino acids on 
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fitness. Even more to the point, extensive gene conversion will usually only occur 
when the donor paralog confers a fitness advantage so many fold stronger than 
its paralog that its own redundancy eclipses any fitness the overwritten gene may 
have contributed. Though there are also examples of concerted evolution 
increasing fitness via enhanced product dosage, also conceivable here 
(Hanikenne et al. 2013). The exon analysis above does not indicate full genetic 
conversion though, because exon five and in some cases, other regions appear 
to remain distinct. We compare here the primary protein alignments and the 
modeled structures of OAS1 genes found in domestic cattle, sperm whale, minke 
whale, dromedary and domestic pig. Because of the excessive gene conversion 
between OAS1 paralogs in pig and camel, and to a lesser extent, the other 
species, we first only focus on the patterns of fixed differences found between 
paralogs shared by the majority of these animals.  
 
We analyzed the fixed differences between the longest-standing paralogs within 
these species and have found that the majority of the conserved amino acids fall 
into physical clusters on or near the surface of the proteins. Mapping these sites 
on the protein structure reveals several interesting patterns. Unsurprisingly, many 
of the sites, whether near or far in the primary protein sequence, are near to 
other highly conserved sites, most likely indicating essential intramolecular 
interaction. Across all animals yet studied, the active domain is found to be highly 
conserved. Prudently, one of the first things we look for is potential paralog 
specialization in regards to enzymatic function. We find that the catalytic domain 
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is highly conserved with no indication of change in enzymatic synthesis. Yet we 
find three interesting patterns at those active domain residues that differ between 
paralogs. First, there is a line of residues running up the β sheet. These may 
simply encode epistatically linked residues spanning exons required for 
hydrogen-bonding the β sheet (fig. 3.5). Otherwise, because they are along the 
edge of the sheet, it is possible that they associate with an uncharacterized 
surface feature. Second, we find a dense assembly at a particular side facet of 
the enzyme (~helices α4 (170s) and α9 (280s)), equidistant from the RBD and 
the central catalytic region (fig. 3.6). Interestingly, each paralog found in whales 
appears to have evolved in a similar fashion since the toothed and baleen whales 
diverged 34.5 mya with the exception of this region. In only toothed whales, has it 
undergone a homogenization (especially notable since the genomic distance 
between α4 and α9, and the lack of conversion between them, would have 
certainly required multiple recombination events). This surface region is 
essentially the furthest measured region from either the RBD or the active site 
and has not been implicated in any nonstructural function. A third set of very 
densely divergent but largely paralog-fixed sites is concentrated at the top of α6 
through its linker to α7 (~220s),  (fig. 3.5). The previous chapter includes this 
small region as part of the active site entrance. 
 
Structural modeling of the RNA binding domain and its electrostatics reveals very 
few differences between paralogs within most species. We keep a keen eye out 
for extraordinary changes at the RBD because theory predicts rapid evolution to 
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be commonplace at host-pathogen interfaces (Daugherty and Malik 2012). The 
RBD maintains its overall topology and highly electropositive character in all 
OAS1 forms. Between species, there is an impressive degree of divergence at 
RBD sites, but very few of these also encode different residues between 
paralogs. The only exception to this is cattle and other bovids, discussed below.  
 
Lastly, the only region that encodes significantly divergent amino acids between 
OAS1 paralogs across species is the C-terminus (i.e. the 5th exon referenced 
above).  Variation at the carboxy terminus is extremely common in OAS1, though 
mainly the result of alternative splicing. Differences here have been shown 
responsible for alternate subcellular localization (Chebath et al. 1987; Kjaer et al. 
2014). The PCFK motif (334-337, distinct between all paralogs) in particular and 
the planar surface encoded by the C-terminus in general likely play important 
roles in OAS tetramerization (Ghosh et al. 1997; Torshin 2005). 
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Distribution of amino-acid differences among OAS1 paralogs in a species with 
limited gene conversion: the example of the cow 
 
In bovids, OAS1 Y and OAS1 Z have largely remained distinct while OAS1 X has 
essentially incorporated segments of the other two. Beyond those regions 
discussed above, the most intriguing regions containing fixed differences and/or 
under positive selection are those in the RNA binding domain. OAS1 X and 
OAS1 Y are very similar in their core RBD. The only significant differences are at 
the ends of the electropositive RNA binding groove. At each end, OAS1 Y 
encodes the positive groove, laterally extended nearly as far as any (linear) 
nucleic acid helix could reach (fig. 3.7). OAS X, especially having lost Arg52 
through deletion mutation, appears to have incorporated only the core RBD from 
its conversion event(s). Although OAS1 X is highly similar to OAS1 Y at the N-
terminus, a two-codon deletion at residue Arg52-Val53 considerably 
differentiates loop α2-β1, known to bind RNA at a minimum of four sites at one 
end of the RBD. Structural models indicate this deletion, while eliminating an Arg, 
shifts another Arg essentially out of the RBD, culminating in a significant neutral 
shift in local electrostatics. 
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Interestingly, OAS1 Z, the most divergent form found in cattle, has undergone an 
exaggerated number of Arg, His, and Lys (i.e. electropositive) replacements. In 
fact, the estimated isoelectric point of OAS1 Z is nearly 10, while the other two 
average 8.7.  The majority of these replacements are superficial and not located 
in known essential domains. We posit that these changes are adaptive for a 
secondary, non-catalytic purpose such as subcellular localization or simply 
adaptation to a cellular environment with atypical pH. 
 
The electrostatic profile of the OAS1 Z RBD differs quite dramatically from that of 
X and Y. A large number of charged residues have diverged in and around the 
binding pocket, with likely quite divergent RNA binding capabilities. Additionally, 
several OAS1 Z side groups clash with the (idealized model) RNA backbone 
such as Glu27 and Asn31. OAS1 Z could accommodate docking of an irregular 
form of RNA, and this may be the distinct advantage of such changes. 
 
Distribution of amino-acid differences among OAS1 paralogs in two species with 
extensive gene conversion: the example of the pig and camels 
 
If the duplication of OAS1 preceded the radiation of all extant cetartiodactyls, 
then we should be extremely interested to know why pigs and camels have 
essentially conserved two OAS1 paralogs with such similar sequences. These 
lineages have evolved for a minimum of 50 million years after diverging from their 
common ancestor with the other cetartiodactyls (Kulemzina et al. 2009), and it is 
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relatively uncommon for paralogous genes to undergo concerted evolution for 
such a long period of time as appears to be the case. We therefore next 
investigate the differences beyond those fixed paralog differences shared across 
species and we analyze those that have survived or otherwise evolved and 
became fixed in these pairs particular to these lineages. 
 
The pig OAS1 X and Y genes contain a significant degree (~23%) of divergence 
from the (predicted) most recent common cetartiodactyl ancestor. Despite the 
ostensible conversion between the two, we identify 23 amino acids in pig and 19 
in dromedary that differ between paralogs but do not differ between paralogs in 
(more than one) other species. Mapping these residues to protein structures 
does not reveal any pronounced or large-scale spatial patterns other than the 
fact that many of the sites are adjacent to those mentioned above that are shared 
fixtures across cetartiodactyl species such as the concentration at the C-terminus 
and the α4 and α9 facet (the latter only for pig). This may indicate a sort of fine-
adjustment for those regions most crucial and universally distinct between OAS1 
copies. Helix α9 (285-295), the region of the protein most distant from both the 
catalytic and RNA binding domains yet without any known (non-structural) 
function, is more divergent in pig than any other animal surveyed. For pig OAS1 
X, a series of four consecutive residues, 290-293, are completely divergent from 
all other species and pig OAS Y. Although we do not know any function here, it 
seems implausible that this change and those nearby would not drastically 
influence enzyme function. We also recognize sets of variable pig residues at the 
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entry to the active site at loci 123, 127, 181, and 223. As described in the 
previous chapter, variability (therein, positive selection in OWM) at these sites 
may be the product of antagonist avoidance or acceptor substrate preference. 
Interestingly, dromedary encodes 5 fixed paralog differences at the top of helix 
α6 through its linker to α7- part of the crown of the active site entryway. These 
may also be due to antagonist avoidance, but here we find them to be part of a 
larger intriguing pattern on our dromedary enzyme models. Models depict 15 of 
camel’s 19 sites all part of or associated with the intense variation at the C-
terminus. The carboxy tail possesses 9 of the divergent residues, and after 
protein folding, these appose 6 of the remaining variant residues, from 222-251. 
Parsimoniously, we posit that nearly all of the fixed differences in dromedary are 
associated with the C-terminus variation that phylogenetic analysis suggests is 
paramount. Lastly, both dromedary (sites 159-161) and pig (site 39) encode 
distinct but highly significant divergent sites at RNA-binding loci between their 
OAS1 enzymes. These sites are conserved across all other species’ OAS1 
genes. In both cases, these residues squarely occupy loci known to take part in 
direct RNA-binding at the minor groove, easily capable of taking part in 
nucleobase recognition, enabling differential binding based on viral RNA 
sequence (Lohofener et al. 2015). 
 
Distribution of amino-acid differences among OAS1 orthologs: a comparison 
between cow and yak  
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The large amount of gene conversion precludes accuracy in tests of positive 
selection between distantly related cetartiodactyl taxa. In the Bovidae family, 
from which we have a reasonable sample size and diversity and less indication of 
recent recombination, we have performed these tests using each of the three 
orthologous sequences. OAS1 X, Y, and Z respectively contain 26, 36, and 22 
sites under positive selective pressure (Table 3.2). Mapping these sites to the 
cattle protein structures shows that there is an overrepresentation of selected 
sites at the RNA binding domain: 12, 20, and 10, respectively. Helix α1-spanning 
loop-α2-following loop contain 17 side groups that take part in RNA binding, and 
most of these are identified as positively selected across OAS1 Y orthologs. 
OAS1 Z contains fewer positively selected sites, but still an excess of these 
within the RBD, concentrated at the ends of the RBD.  Interestingly, there is little 
overlap between the residues under selection between these two (most ancient) 
paralogs. OAS1 X, unsurprisingly, is a mixture of Y and Z, though significantly 
more similar to Y (in corroboration with the exon trees). The remaining sites 
under positive selection outside of the RBD are generally the same as the sites 
identified above as common fixed differences between paralogs.  
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Table 3.2 Sites identified as evolving under positive
selection in three bovid OAS1 genes. Orange sites are
located in the RNA binding domain.
    OAS1 X      OAS1 Y      OAS1 Z
9 G 5 N 11 K
18 Y 7 P 14 V
23 E 9 G 24 K
30 K 10 S 47 P
31 E 13 K 48 E
34 D 17 V 53 V
35 I 18 H 97 E
47 C 21 P 114 T
51 R 22 N 126 W
113 T 23 E 140 R
115 E 27 T 200 S
171 Q 28 Q 203 T
183 G 30 K 246 K
202 P 31 E 251 V
209 C 35 I 285 E
224 N 38 S 319 R
246 K 47 C 325 L
248 E 49 S 326 V
278 T 51 R 329 D
296 P 53 R 336 R
297 V 88 R 339 S
324 R 99 E 343 S
325 Y 122 K
328 S 124 Q
336 N 126 D
338 M 171 Q
177 K
178 N
181 K
246 E
250 N
260 K
311 K
314 Y
335 R
345 V
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DISCUSSION 
 
Overall, we see that the most fundamental parts of the OAS1 enzyme remain 
unchanged in all OAS1 family members. This includes the catalytic site 
structures and residues required for holoenzyme conformational change and 
synthesis as well as the RNA binding site topology and electrostatic character. 
This means that there is no explicit functional divergence (regarding activation or 
catalysis) in the OAS1 family as has taken place in the evolutionary events 
leading to OASL, OAS2, and OAS3 (Donovan et al. 2015; Hartmann et al. 1998; 
Marie et al. 1999). 
 
Our analysis has revealed strong evidence of gene conversion as well as the 
conservation of distinct coding regions belonging to two universally shared 
paralog lineages. This is in agreement with Perelygin et al., who computationally 
proved pre-radiation gene duplication and subsequent conversion in ungulates 
(2006). The degree of recombination that has occurred between OAS1 paralogs 
varies greatly between lineages, with camels and pigs exhibiting few fixed 
differences between their paralogs while cattle exhibit very limited 
homogenization between the most distant paralogs.  
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Clusters of paralogous fixed differences map to surface facets without known 
function. Research has not yet discovered any endogenous binding partners of 
OAS1, but at least some of these surface features are sure to play a role in 
intermolecular interaction. At the top of the list of OAS1 binding partners is OAS1 
itself- it has been established as a homotetramer for over 25 years, but still has 
no defined tetramerization domain (Ghosh et al. 1997; Marie et al. 1990). It is 
tantalizing to propose that the many divergent sites clustered at the ends of the 
RBD and the side facets immediately below the RBD groove ends are 
responsible for linking monomers or simply facilitating their juxtaposition in order 
to (1) optimize use of activating ligands (many enzymes upon a single viral 
dsRNA molecule) or (2) specialize for recognition of longer dsRNA. In the first 
case, if the activating viral RNA were genomic, during early infection, it would be 
in short supply and thus advantageous for antiviral dsRNA sensors to saturate it. 
Even in later infection, viruses produce their own dsRNA binding proteins 
responsible for (among other things) sequestering it from host sensors like PKR 
and OAS enzymes. In the second case, cetartiodactyls may be evolving 
heightened response to longer activators- something they conspicuously 
divested long ago. Current evidence suggests that OAS3, lost in an early 
cetartiodactyl ancestor but highly conserved across nearly all other mammalian 
clades (Perelygin et al. 2006 for cattle and pig and 2015 GenBank search), has 
become optimized for recognition of dsRNA >50bp (Donovan et al. 2015). 
Furthermore, the two major OAS1 paralog lineages are characterized 
predominantly by their carboxy termini and this is the very thing that correlates 
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with oligomerization potential. Detailed tetramerization modeling of OAS1 has 
found that different C-termini predict notably different oligomers (Torshin 2005). 
 
Our finding of elevated positive selective pressure within all three OAS1 genes in 
bovids corroborates with several recent analyses that have found elevated 
positive selection in primates, bats and rodents (Ferguson et al. 2008; Hancks et 
al. 2015; Mozzi et al. 2015; Rogozin et al. 2003). The preceding chapter 
describes positive selection in Old World monkeys concentrated in the OAS1 
RBD. Here, positive selection has taken place at many of the regions that are 
most divergent between paralogs. It is also abundant at RNA-binding residues 
including those at the minor groove, allowing for the possibility of nucleobase 
recognition. This in turn can enable differential binding based on viral RNA 
sequence (subfunctionalization). Functional divergence of pathogen sensing 
paralogs is commonly caused by differential response in this way. Subject to 
further analysis using additional ungulate families with OAS1 expansions, we 
conjecture that only animals containing 3 OAS1 copies can begin to select for 
RBD diversity. 
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